University of Pennsylvania

ScholarlyCommons
Publicly Accessible Penn Dissertations

2018

Splicing The Clock Is Timeless: From Fruit Fly
Behavior To Mammalian Retinal Degeneration
Iryna Shakhmantsir
University of Pennsylvania, ishakhmantsir@gmail.com

Follow this and additional works at: https://repository.upenn.edu/edissertations
Part of the Genetics Commons, Molecular Biology Commons, and the Neuroscience and
Neurobiology Commons
Recommended Citation
Shakhmantsir, Iryna, "Splicing The Clock Is Timeless: From Fruit Fly Behavior To Mammalian Retinal Degeneration" (2018). Publicly
Accessible Penn Dissertations. 3366.
https://repository.upenn.edu/edissertations/3366

This paper is posted at ScholarlyCommons. https://repository.upenn.edu/edissertations/3366
For more information, please contact repository@pobox.upenn.edu.

Splicing The Clock Is Timeless: From Fruit Fly Behavior To Mammalian
Retinal Degeneration
Abstract

Circadian rhythms synchronize intrinsic cycles of physiology and behavior with diurnal environmental
oscillations of light and temperature. Circadian transcription-translation feedback loops (TTFLs), in which
the rhythmic expression of core clock proteins negatively regulates their own expression, are a central
mechanism of all eukaryotic circadian clocks. How TTFLs maintain separate phases of transcription and
negative feedback and generate a ~24 hour period is a key unresolved question in the field. In this thesis, we
uncover a novel splicing factor-mediated mechanism that sets the pace of the clock in both fruit flies and mice.
In a Drosophila screen for novel clock regulators, we identify pre-mRNA splicing kinase 4 (prp4) and show its
requirement for establishing a delay between transcriptional activation and repression in the TTFL. One of the
clock-relevant targets of PRP4 is a retained intron in tim (that we call tim-tiny). We characterize a mechanism
by which a splice choice at tim-tiny affects TIM accumulation to set the timing of the clock in constant dark
and under temperature cycles. In addition to PRP4, we identify a circadian function for multiple components
of U4/U5.U6 triple small nuclear ribonucleoprotein (tri-snRNP), and propose a conserved circadian role for
these splicing factors. Our studies in the mouse model of retinitis pigmentosa (RP) support this hypothesis
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context of RP pathology, in particular asking whether clock disruption could contribute to retinal
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ABSTRACT
SPLICING THE CLOCK IS TIMELESS: FROM FRUIT FLY BEHAVIOR TO MAMMALIAN
RETINAL DEGENERATION
IRYNA SHAKHMANTSIR
AMITA SEHGAL

Circadian rhythms synchronize intrinsic cycles of physiology and behavior with diurnal
environmental oscillations of light and temperature. Circadian transcription-translation feedback
loops (TTFLs), in which the rhythmic expression of core clock proteins negatively regulates their
own expression, are a central mechanism of all eukaryotic circadian clocks. How TTFLs maintain
separate phases of transcription and negative feedback and generate a ~24 hour period is a key
unresolved question in the field. In this thesis, we uncover a novel splicing factor-mediated
mechanism that sets the pace of the clock in both fruit flies and mice. In a Drosophila screen for
novel clock regulators, we identify pre-mRNA splicing kinase 4 (prp4) and show its requirement
for establishing a delay between transcriptional activation and repression in the TTFL. One of the
clock-relevant targets of PRP4 is a retained intron in tim (that we call tim-tiny). We characterize a
mechanism by which a splice choice at tim-tiny affects TIM accumulation to set the timing of the
clock in constant dark and under temperature cycles. In addition to PRP4, we identify a circadian
function for multiple components of U4/U6.U5 triple small nuclear ribonucleoprotein (tri-snRNP),
and propose a conserved circadian role for these splicing factors. Our studies in the mouse
model of retinitis pigmentosa (RP) support this hypothesis and demonstrate that a Prpf8 knockin
mutation lengthens circadian wheel-running behavior and dampens the diurnal rhythm in select
transcripts of the mouse retina. We explore the relevance of these findings in the context of RP
pathology, in particular asking whether clock disruption could contribute to retinal degeneration.
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CHAPTER1: INTRODUCTION
Introduction to circadian clocks
A rotation of planet Earth around its axis takes 24 hours and generates predictable
changes in light and temperature. In the course of evolution, most organisms developed
mechanisms, called circadian rhythms, to not only respond to these daily changes but to
effectively anticipate them. Circadian rhythms are generated by endogenous molecular clocks
that drive daily rhythms in behavior, metabolism and physiology. Circadian clocks entrain to
environmental cycles, predominantly light and temperature, and maintain rhythms when released
into constant conditions (free-run).
While circadian clocks have most likely evolved independently in different lineages,
eukaryotic clocks share a similar structural framework (Rosbash, 2009): an auto-regulatory
transcription-translation feedback loop (TTFL) (Figure 1.1). At its most basic level, the TTFL
consists of ‘positive’ elements that drive the expression of ‘negative’ elements, which feed back
onto the ‘positive’ elements to inhibit their own expression. The positive elements (transcriptional
activators) also drive expression of a significant proportion of the transcriptome, so their inhibition
by the negative’ elements in a time-of-day specific manner generates circadian cycles of gene
expression. For this clock system to sustain itself and to set the period of rhythmic oscillations at
~24 hours, non-transcriptional mechanisms that tune the pace of the clock are required.
Discovery of the molecular mechanism that underlies daily rhythm generation was revolutionary
and has received well-deserved recognition, but critical aspects of how the clock is sustained
remain unclear.
Circadian clocks in Drosophila melanogaster
Studies in Drosophila have been instrumental in uncovering the molecular basis of
circadian rhythms (reviewed in Zheng and Sehgal, 2012). In chapter 2 of this thesis, we utilize
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Drosophila as a model system for discovering a novel regulatory clock module. Here, we provide
an overview of circadian clocks in fruit flies and highlight the importance of mechanisms that set
the timing of delays in the circadian TTFL.
PERIOD (PER) and TIMELESS (TIM) are the ‘negative’ elements that inhibit CLOCK
(CLK) and CYCLE (CYC) transcription factors, the corresponding ‘positive’ clock elements in the
TTFL in Drosophila. CLK/CYC-mediated expression of per and tim peaks in the early night.
Relative to the mRNAs peak, accumulation of PER and TIM proteins is delayed by ~6 hours. In
the mid-to-late night, PER and TIM change their localization from cytoplasmic to predominantly
nuclear. Once in the nucleus, PER/TIM repress CLK/CYC activity and decrease per and tim
expression. Degradation of TIM in the morning by light destabilizes PER, contributing to its
degradation in the nucleus that resets the TTFL (reviewed in Dubowy and Sehgal, 2017; Zheng
and Sehgal, 2012) (Figure 1.1). Light input is sensed both cell-autonomously through the flavinbased photoreceptor CRYPTOCHROME (CRY) and through the visual system (Stanewsky et al.,
1998). CRY interacts with TIM and promotes its degradation by an F-box protein JETLAG (JET)
(Naidoo et al., 1999; Ceriani et al., 1999; Koh et al., 2006).
To prevent circadian molecular oscillators from reaching equilibrium, temporal delays that
separate phases of gene transcription and repression are necessary. Thus, both PER and TIM
need to be dynamically regulated on multiple post-transcriptional levels to maintain circadian
rhythms and to pace the clock so that it runs with ~24-hour periodicity. The role of posttranslational regulation of PER and TIM has, by far, received the most attention. Diurnal profiles
of PER and TIM, as observed on western blots, slow dramatic shifts in protein weight, indicating
the circadian nature of post-translational modifications (PTMs) (Edery et al., 1994; Zeng et al,
1996). A concept of ‘phospho-timer’ was coined to reflect the role of phosphorylation in setting the
pace of the circadian clock (reviewed in Duvall and Taghert, 2011). Phosphorylation of PER and
TIM controls their stability, nuclear accumulation and repressor activity (reviewed in Zheng and
Sehgal, 2012). Mutations in kinases and phosphates that act on clock proteins, or directly in the
clock protein phosphorylation sites, can lead to dramatic changes in circadian behavior (Price et
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al., 1998; Martinek et al., 2001; Lin et al., 2002; Akten et al., 2003; Fang et al., 2007;
Sathyanarayanan et al., 2004; Kivimae et al., 2008; Chiu et al., 2011; Garbe et al., 2013; Top et
al., 2016; Top et al., 2018).
RNA regulation in Drosophila
A comparison of nascent RNA transcripts and a steady-state mRNA profiles around the
clock indicates a more robust mRNA cycling compared to the transcriptional cycling for a large
number of rhythmic genes in Drosophila (Rodriguez et al., 2013). This finding, along with the
previous reports that demonstrate a delay between per and tim transcription and their mRNA
accumulation (So and Rosbash, 1997), suggests that post-transcriptional regulation provides an
important delay step in the circadian clock. Molecular mechanisms that act at the level of mRNA
splicing, stabilization and translation contribute to the ~24-hour periodicity of the clock (reviewed
in Kojima et al., 2011; Bartok et al., 2013).
In Drosophila, translational control contributes to setting PER levels in the pigment
dispersing factor (PDF) positive circadian neurons that drive rest:activity rhythms under freerunning conditions (Lim et al., 2011; Bradley et al., 2012; Lim and Allada, 2013; Zhang et al.,
2013; Lee et al., 2017). PER translation is enhanced by an atypical translation factor NAT1, as
well as the complex of RNA-binding protein ATAXIN2 (ATX2) with TWENTY FOUR (TYF) and
LSM12 (Bradley et al., 2012; Lim et al., 2011; Lim and Allada, 2013; Zhang et al., 2013; Lee et
al., 2017). Notably, loss-of-function mutations or downregulation of these translational regulators
(tyf, atx2, nat1 or lsm12) causes long and week rest:activity rhythms under free-running
conditions. These findings suggest that post-transcriptional regulation of PER levels is necessary
to maintain 24-hour periodicity of the circadian clock in fruit flies. Whether translational regulation
of other core clock components is necessary remains an open question.
MicroRNAs (miRNAs) are an important class of short RNAs that, through their
complementary ‘seed’ binding region, can recognize 3’ untranslated regions (UTRs) of multiple
mRNAs to regulate their turnover or translation (He and Hannon, 2004). In the context of
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Drosophila circadian clock, miRNAs are necessary to regulate clk, tim and clockwork orange
(cwo) mRNAs (Kadener et al, 2009; Lerner et al., 2014; Chen et al., 2014; Chen and Rosbash,
2016).
bantam is an abundant miRNA that regulates the period length of clock oscillations
(Kadener et al., 2009). bantam recognizes 3’UTR of clk mRNA and, upon binding, decreases clk
levels (Lerner et al., 2014). Such regulation of clk mRNA is necessary to prevent ectopic clk
expression and limit behavioral variability and arrhythmicity. Given that it has been documented
that misregulated clk expression can generate ectopic clock cells (Zhao et al., 2003), the
circadian effects of bantam overexpression might as well be developmental. Thus, the
significance adult-specific regulation of clk by bantam miRNA remains to be experimentally
verified. Additionally, there is a disconnect between the bantam overexpression phenotype
(longer period) and bantam-binding-site mutated clk phenotype (behavioral variability and
arrhythmicity) (Kadener et al., 2009; Lerner et al., 2014). It is possible that clk is not the only
circadian target of bantam, and/or mutations in the 3’UTR of clk could have additional effects on
clk mRNA expression, stability or translation.
miR-276a binds to 3’UTR of tim to maintain proper TIM levels, which are necessary for
robust rhythmicity of circadian behavior (Chen and Rosbash, 2016). Consistent with the role of
miR-276a as a negative regulator of tim expression, overexpression of miR-276a decreases TIM
levels in PDF+ clock neurons. While PER levels are also decreased, Chen and Rosbash suggest
that it is a secondary result of decreased TIM levels.
Overexpression of let-7 causes period lengthening and its deletion causes reduced
morning anticipation behavior and weakening of the overall rhythm strength (Chen et al., 2014).
One of the clock-relevant targets of let-7 is cwo. Consistent with the role of CWO as a repressor
of per/tim transcription (Kadener et al., 2007), PER cycling in PDF+ cells is disrupted in let-7
mutant flies (Chen et al., 2014).
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Additionally, TIM can increase PER levels post-transcriptionally (Suri et al., 1999). Heatshock-mediated induction of TIM in tim0 mutant background leads to PER increase, supposedly
via post-transcriptional mechanisms that increase per mRNA levels (Suri et al., 1999).
Interestingly, TIM-regulated per mRNA increase requires PER protein, indicating a potential
involvement of PER-TIM heterodimers. While this post-transcriptional mechanism requires further
investigation, one could hypothesize that TIM and PER can interact with post-transcriptional
regulators (discussed above) to form a positive feedback loop that sustains PER protein
accumulation.
In Chapter 2 of this thesis, we characterize a novel post-transcriptional mechanism that
relies on alternative splicing to set the length of the circadian period and maintain the overall
robustness of the clock (Shakhmantsir et al., 2018). To put our findings into a broader
perspective, we review the accumulated knowledge on alternative splicing and clocks in all of the
major circadian model systems. Our intention is to showcase how alternative splicing control fits
into the TTFLs of different organisms.
Brief overview of alternative splicing
On the most basic level, pre-mRNA splicing ensures removal of intronic sequences from
newly transcribed mRNA sequences. The complexity and scale of the eukaryotic transcriptome is
enhanced by alternative splicing mechanisms that allow for selective intron retention and exon
reshuffling. The major spliceosome consists of 5 small nuclear ribonucleoprotein complexes
(snRNPs) (U1, U2, U4, U5 and U6) and more than 150 additional regulatory proteins associated
with snRNPs. First, 5’ and 3’ splice sites that frame introns are recognized by the U1 and U2
snRNP, respectively. This initial event triggers intron excision and exon ligation by U4, U5 and U6
snRNP. Auxiliary splicing factors, such as Serine Arginine Rich (SR) proteins and heterogeneous
nuclear ribonucleoproteins (hnRNPs) act on cis-regulatory elements (exonic and intronic
enhancers and silencers) to provide an additional layer of control (reviewed in Wahl et al., 2009).

Alternative splicing in Drosophila
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Splicing of per
Splicing of an intron (also known as dmip8) in the 3’UTR of per is one of the most
extensively studied alternative splicing events in the circadian field (Cheng et al., 1998; Majercak
et al., 1999). Mutations that lead to dmip8 retention result in delayed per mRNA and PER protein
accumulation (Cheng et al., 1998). Splicing of dmip8 is regulated by multiple modalities including
the endogenous circadian clock, light and temperature (Majercak et al., 2004; Collins et al.,
2004). Because dmip8 splicing is increased by shorter photoperiods and colder temperatures, it is
hypothesized that it acts as a molecular sensor to advance the evening peak of behavior. On the
other hand, higher dmip8 retention, associated with hotter days and longer photoperiods, delays
the onset of evening activity and allows flies to have a mid-day ‘siesta’, a likely adaptation against
desiccation during hot summer days.
Though splicing of dmip8 was first described in the laboratory setting (Cheng et al.,
1998), it was later shown to occur under natural conditions as well (Montelli et al., 2015). Different
Drosophila species have different polymorphisms that modify the strength of the dmip8 splice site
to affect splicing (Low et al., 2008). Interestingly, two Drosophila species, Drosophila yakuba and
Drosophila santomea, that inhabit equatorial regions with limited temperature fluctuation
(particularly in the cold range), do not display temperature-sensitive splicing of dmip8. On the
other hand, in species that colonized temperate climates (for example in Drosophila
melanogaster), weak splice sites at dmip8 locus might promote temperature-sensitivity in splicing,
which likely evolved as an adaptation to seasonal weather changes (Low et al., 2008).
The molecular machinery that regulates splicing of dmip8 has not been conclusively
established. One recent report implicated SR-related matrix protein of 160 kDa (SRm160), an
alternative splicing regulator, in circadian rhythm maintenance, potentially via per splicing
(Beckwith et al., 2017). Because this study did not demonstrate altered splicing of dmip8 splicing
in SRm160 mutants, it remains to be established if SRm160 is necessary to splice dmip8.
B52/SRp55 is yet another splicing factor that might regulate dmip8 splicing. Downregulation of
B52 decreases splicing efficiency of dmip8 in Drosophila embryonic cell culture (S2), but it is
unclear if B52 splices dmip8 in vivo (Zhang et al., 2018).
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Splicing of tim
tim has 9 predicted transcripts (Flybase). Compared to per with its 2 transcripts (Cheng et
al., 1998), the splicing of tim has been largely overlooked by the Drosophila scientific community.
One report describes an intron retention event in tim that generates the tim-cold transcript via
retention of the last (~850bp) intron in tim. As the name indicates, retention of this intron occurs
predominantly at lower temperatures (Boothroyd et al., 2007). Due to a stop codon in the retained
intron, an isoform 3.5 kDa smaller than full-length TIM is produced. Despite the identification of
this smaller isoform, however, very limited insights have been provided into its function
(Boothroyd et al., 2007). The only study that examined tim-cold in a more mechanistic way
assessed its role in combination with ls-tim or s-tim alleles (Montelli et al., 2015). ls-tim and s-tim
alleles differ in their usage of alternative translation initiation sites to generate either the long and
short isoforms (ls-TIM) or only the shorter (s-TIM) isoform, with functional differences between the
isoforms reflected in their differential sensitivity to light (Rosato et al., 1997; Tauber et al., 2007).
According to Montelli and colleagues, retention of the tim-cold intron increases affinity of TIM for
CRY but not for PER. The strength of this affinity is further increased if tim-cold retention is paired
with the s-TIM variant. How tim-cold splicing modulates circadian clocks in response to changes
in light and temperature in vivo remains unknown.
Splicing heterogeneity in the brain
Heterogeneity in splicing across cells and tissues is yet another important aspect of
alternative splicing that has been recently brought to light in the context of circadian neurons in
Drosophila (Wang et al., 2018). RNA-Sequencing of transcripts isolated from different circadian
neurons revealed a striking difference in the expression of various spliceoform. The expression of
splicing factors also differed between circadian neuronal clusters. Differential expression of
splicing factors could underlie cell-specific heterogeneity in the splicing of clock transcripts in the
Drosophila brain (Wang et al., 2018).

Alternative splicing in plants
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Brief overview of circadian clocks in plants (Arabidopsis thaliana)
The structure of plant circadian clocks is quite complex and involves multiple clock
components expressed at different times of the day, forming multiple interconnected TTFLs
(Figure 1.1). LATE ELONGATED HYPOCOTYL and CIRCADIAN CLOCK ASSOCIATED
1 (LHY and CCA1, respectively) are MYB domain-containing transcription factors that interact to
repress TIMING OF CAB EXPRESSION 1 (TOC1). As LHY and CCA1 levels decrease around
dust, TOC1 gets expressed, ultimately repressing LHY and CCA1 expression at the end of the
day. There are 3 homologs of TOC1, PSEUDO-RESPONSE REGULATOR 9 (PRR9), PRR7
AND PRR5, that can also repress LHY and CCA1 transcription (reviewed in Sanchez and Kay,
2016).
Alternative splicing in Arabidopsis
The transcripts of most Arabidopsis core clock genes, including LHY, CCA1, TOC1,
PRR5, PRR7 and PRR9 get alternatively spliced (Filichkin et al., 2010; Sanchez et al., 2010;
James et al., 2012). Alternative splicing of clock transcripts, LHY and CCA1 in particular, has
been heavily studied in the context of environmental regulation, such as temperature changes
(James et al., 2012). Colder temperatures (in the 4-120C) lead to the retention of the ‘long’ intron
in LHY yet promote the splicing of the fourth intron in CCA1 (James et al., 2012). While the
consequences of these splicing events differ (discussed below), it is clear that pre-mRNA splicing
allows plants to rapidly shift their clock protein profiles to adjust for environmental stressors such
as cold.

Alternative splicing coupled to NMD in plants
Unproductive splicing of clock transcripts is proposed to play an important adaptive role
under environmental stress (Filichkin et al., 2015). LHY exhibits retention of the “long” intron 5
under colder temperatures, which results in a premature termination codon (PTC) and likely leads
to nonsense-mediated decay (NMD) (James et al., 2012). This type of intron retention can reach
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~20% of the total LHY transcripts at 4C at dawn, which indicates the importance of this regulation
(James et al., 2012). Another example of nonproductive splicing that is induced by the reduction
in temperature is the skipping of exon 4 and the retention of intron 3 in PRR7, both of which
introduce PTCs.

Skipping of exon 4 in PRR7 can lead to NMD (James et al., 2012). The

importance of such cold-induced decrease of LHY and PRR7 mRNA expression, which could
lead to decreased LHY and PRR7 proteins, is unclear. One could speculate that a potential
decrease in LHY could be offset by increased CCA1 levels (see below). While LHY and CCA1
are proposed to be partially redundant, a shift from LHY-CCA1 heterodimers to CCA1
homodimers under cold temperature exposure, could be a potential mechanism to ensure clock
robustness in response to environmental temperature changes. Future studies are necessary to
test this hypothesis.

Dominant negative role of alternatively spliced transcripts in plants
While the majority of alternatively spliced transcripts contain PTCs that can trigger NMD,
some transcripts, those with retained introns in particular, can escape the NMD to generate
proteins. Such truncated proteins can interfere with the function of their normally-spliced protein
counterparts, usually in a dominant negative way. An illustrative example of such regulation is
the retention of a fourth intron in CCA1 that results in the production of CCA1-b isoform (Seo et
al., 2012). This isoform is similar to the full-length functional CCA1-a isoform but lacks the MYB
DNA binding motif. The lack of the DNA binding sequence renders CCA1-b a dominant negative
inhibitor of the normal function of CCA1-a. On a mechanistic level, CCA1-b effectively binds to
CCA1-a and LHY to form dimers but sequesters CCA1-a and does not allow DNA binding.
The retention of the fourth intron in CCA1, which is conserved in at least four plant
species, also allows for regulation of CCA1-a activity by temperature (Schoening et al., 2018;
James et al., 2012; Filichkin et al., 2010). Cold temperatures reduce alternative splicing of CCA1,
thereby decreasing CCA1-b levels and increasing CCA1-a activity. Because CCA1-a is known to
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induce expression of C-repeat binding factor (CBF) genes that are necessary for cold acclimation,
the regulation of CCA1 splicing promotes tolerance under freezing conditions.

Discovery of splicing factors that regulate clocks in plants
Identification of splicing factors that control circadian rhythms has been a prolific area of
exploration in Arabidopsis (Sanchez et al., 2010; Jones et al., 2012; Wang et al., 2012; Schlaen
et al., 2015; Marshall et al., 2016) (Table 1.1). Notably, mutations in splicing factors or their
upstream regulators affect circadian rhythms, generally by lengthening the free-running period.
This is the case for PRMT5, an arginine methyltransferase that methylates Sm and LSm
spliceosomal proteins (Sanchez et al., 2010). A hypomorphic mutation in an SM-like (LSM) gene,
LSM5, a core component of the U6 snRNP, also lengthens the circadian period in Arabidopsis
(Perez-Santangelo et al., 2014). A mutation in SNW/Ski-interacting protein (SKIP), another
spliceosome component, not only lengthens the circadian period, but also affects the lightsensitivity of the plant clock (Wang et al., 2012). Additionally, SPLICEOSOMAL TIMEKEEPER
LOCUS1 (STIPL1), a putative RNA binding protein involved in spliceosomal disassembly,
regulates the length of circadian period (Jones et al., 2012).
GEM NUCLEAR ORGANELLE ASSOCIATED PROTEIN 2 (GEMIN2), a spliceosomal
small nuclear ribonucleoprotein assembly factor, is an additional regulator of circadian clock
speed in Arabidopsis, potentially by acting on intron 4 in TOC1. As opposed to the majority of
splicing factor mutations that affect clocks in Arabidopsis, GEMIN2 mutants exhibit a shorter
circadian period at normal conditions (220C) (Schlaen et al., 2015). However, GEMIN2 mutants
do not maintain their short periods in cold conditions: at 120C their rhythms get longer and match
those of wild-type plants. Normally, the circadian period is temperature compensated, which
means that changes in temperature do not perturb the ~24-hour pace of the clocks (Pittendrigh,
1954). The phonotype of GEMIN2 mutants points to the disruption of this critical circadian clock
property, suggesting that splicing by GEMIN2, likely at intron 4, maintains ~24 hour periods at
ambient temperature and prevents lengthening at cold temperatures. In addition to GEMIN2,
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SKIP is necessary for proper temperature compensation in plants: the long period of SKIP
mutants at 170C does not persist at 270C (Wang et al., 2012). Thus, in both these cases, loss of
splicing factors causes period shortening with temperature increase, which may be expected of a
biochemical reaction that is not temperature compensated. In the future, it would be interesting to
determine if other period-altering mutations in splicing factors affect temperature compensation in
plants.
It is becoming clear that some of the evolutionary-conserved splicing factors, initially
identified to regulate clocks in Arabidopsis, play a conserved circadian role in other systems, from
Drosophila to mammals (Sanchez et al., 2010; Perez-Santangelo et al., 2014). Due to complex
splicing interactions and networks, the function of any given splicing regulator is often difficult to
trace to a concrete set of splicing events. Drawing straightforward mechanistic relationships
between splicing factors and clock genes has proven to be a hard task (Wang et al., 2012; Jones
et al., 2012; Perez-Santangelo et al., 2014; Schlaen et al., 2015) (Table 1.1).

Alternative splicing in fungi
Brief overview of circadian clocks in fungi (Neurospora crassa)
The circadian feedback loop in Neurospora crassa is composed of the White Collar
Complex (WCC), which includes WC-1 and WC-2 transcription factors, that activate the core
clock component frequency (frq) and are subject to rhythmic feedback by the FRQ protein (Figure
1.1). As in the case of CLK-CYC in Droosphila, the WCC also targets many other genes in the
Neurospora genome. FRQ inhibition of WCC activity is regulated by phosphorylation and allows
allow for genome-wide rhythmic expression of clock-controlled mRNAs (Liu, 2003; Dunlap and
Loros, 2004; Schafmeier et al., 2005).
Alternative splicing in Neurospora
Thermosensitive splicing of frq, a central component of the Neurospora circadian clock,
determines the protein profile of FRQ. FRQ can be produced as either a long (l) or a short (s)
isoform, depending on the selection of the translation initiation site in its 5’-UTR. The selection of
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this translation start site is a consequence of an alternative splicing choice at the intron 6 of frq
(also referred to as intron 2 in Colot et al., 2005) (Liu et al., 1997; Diernfeller et al., 2005). Splicing
of this intron, which contains the initiation codon for l-FRQ, selectively generates the s-FRQ
isoform. Interestingly, since the splicing of this intron is more efficient at lower temperatures, the
ratio of l-FRQ to s-FRQ decreases as the temperature drops.
The ratio of l-FRQ to s-FRQ is important because it establishes the overall robustness of
the circadian free-running rhythm and tunes the period length in response to temperature
changes (Diernfellner et al., 2007). In particular, s-FRQ promotes period lengthening while l-FRQ
causes modest period shortening (Diernfellner et al., 2007). It is speculated that at lower
temperatures the spliceosomal machinery can better recognize nonconsensus splicing motifs at
intron 6 of frq, which thereby acts as a molecular temperature sensor of the Neurospora clock
(Diernfeller et al., 2005).

Alternative splicing in mammals
Brief overview of circadian clocks in mammals
In mammals, CLOCK and BMAL1 form a transcriptional complex that activates the
circadian transcriptome (Figure 1.1). A particularly important set of targets of CLOCK/BMAL1 are
the Period (Per1, Per2 and Per3) and Cryptochrome (Cry1 and Cry2) genes, which are the
canonical negative regulators of the mammalian clock. Because PER and CRY are negative
regulators of CLOCK and BMAL1, an increase in Per and Cry production eventually leads to the
inhibition of CLOCK/BMAL1 transcriptional activity. Reinitiation of transcription requires
destabilization and degradation of PER and CRY by multiple post-transcription mechanisms.
Thus, CLOCK/BMAL1 and PER/CRY together form a central autoregulatory TTFL in mammals
(Lowrey and Takahashi, 2000). An additional TTFL that includes the nuclear repressor Rev-erbα
drives the cycling of Bmal1 transcription (Preitner et al., 2002).
Light resets the central pacemaker in the suprachiasmatic nucleus (SCN) and enables
brain clocks to run in sync with environmental light:dark schedules. Light induces expression of
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immediate-early genes such as Per1, which contribute to light-induced phase shifts of behavioral
rhythms (advances in the morning and delays in the evening) (Shigeyoshi et al., 1997).

Alternative splicing in mammals
Approximately 80% and 95% of all multi-exon genes in Mus musculus and Homo
sapiens, respectively, undergo alternative splicing (Wang et al., 2008; Mollet et al., 2010).
Alternative splicing exhibits tissue-specific circadian rhythms, in particular in genes that are
transcribed in a circadian fashion (McGlincy et al., 2012). While the core circadian transcripts in
mammals are predicted to have multiple spliceoforms, their role has not been studied
mechanistically.
U2-auxiliary-factor 26 (U2AF26) is a splicing factor that undergoes temperature-driven
diurnal skipping of exons 6 and 7 to generate U2AF26deltaE67 isoform (Preubner et al., 2014).
Unexpectedly, the reading frame of U2AF26deltaE67 translates far into the 3’ UTR and generates
a C terminus with close homology to the key Drosophila circadian component TIMELESS (TIM).
Both U2AF26 and U2AF26deltaE67 interact with PER1, however, only U2AF26deltaE67
selectively destabilizes PER1. Interestingly, while U2AF26-deficient mice have normal circadian
rhythms in free-running conditions, they exhibit faster adaptation to ~4h phase advances. Thus, a
proposed role for U2AF26, specifically in the context of U2AF26deltaE67 production, is to buffer
the circadian clock against unpredicted changes in light conditions by limiting the induction of
PER1 (Preubner et al., 2014).
Splicing of U2af26 responds robustly to small changes in ambient temperature. Drops in
body temperature correlate with increased exon skipping in U2af26. In addition to U2af26,
modest daily oscillations in body temperature entrain alternative splicing oscillations in hundreds
of genes in mice. Changes in temperature also drive rhythms in the phosphorylation of SR
proteins, which in turn regulate alternative splicing in mammalian peripheral clocks. For example,
alternative splicing of U2af26 is regulated by temperature-dependent phosphorylation of two SR
proteins, SRSF2 and SRSF7 (Preubner et al., 2017).
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Alternative splicing and disease
Compromised pre-mRNA splicing is implicated in multiple disease, including cancer,
neurological disorders and age-degenerative diseases such as retinitis pigmentosa (RP)
(reviewed in Carey and Wickramasinghe, 2018). These diseases arise via mutations in splice
sites (in cis) or in splicing factors, both the core spliceosomal components as well as the auxiliary
splicing factors (in trans) (Table 1.2). The role of core spliceosomal components in disease is
particularly intriguing because, while the spliceosome factors are ubiquitously expressed, their
reported mutant phenotypes are tissue-specific. RP is a progressive late-onset degenerative
disease that selectively affects ocular health. At the moment, mutations in 6 components of the
U4/U6.U5 tri-snRNP (Prpf3, Prpf4, Prpf6, Prpf8, Prpf31, SNRNP200) have been linked to RP
(Table 1.1). While multiple theories exist to explain the selective death of rods (followed by cone
degeneration), the etiology of splicing-factor-induced RP remains a mystery (Comitato et al.,
2007; Graziotto et al., 2011; Wheway et al., 2015; Ruzickova and Stanek, 2017; Buskin et al.,
2018).
In chapter 2 of this thesis, we use Drosophila melanogaster to identify a circadian role for
pre-mRNA processing 4 (PRP4) kinase (a homolog of mammalian Prpf4 and Prpf4B). In addition
to PRP4, we demonstrate that multiple tri-snRNP components, including all of the splicing factors
implicated in RP, are necessary for modulating free-running circadian period length and/or the
strength of circadian rhythms. In chapter 3 of this thesis, we utilize available mouse models of RP
to implicate mammalian Prpf3 and Prpf3 in circadian regulation of behavior and diurnal gene
expression in the retina.
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Figure 1.1 Conserved structure of TTFL

Circadian TTFL consists of PER-ARNT-SIM (PAS) domain transcription factors (TFs) that control
the expression of clock proteins. The clock proteins accumulate in a regulated manner to repress
TF-mediated expression. ‘Positive’ regulation is depicted in red, ‘negative’ regulation is in blue.
Core clock components in fungi (Neurospora), plants (Arabidopsis) insects (Drosophila) and
mammals are shown.
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Table 1.1 AS splicing in clock transcripts is affected by multiple splicing factor/regulator mutations
in Arabidopsis
Splicing factor
or splicing
regulator

Clock phenotype
associated with
mutation

Alternatively spliced
core clock transcripts

Source

PRMT5
(Atprmt5)

Lengthening of circadian
period

PRR7, PRR9

Sanchez et al.,
2010

SKIP (skip-1)

Lengthening of circadian
period; temperature
compensation defect;
increased light-sensitivity

PRR7, PRR9

Wang et al., 2012

STIPL1

Lengthening of circadian
period

CCA1, LHY1, TOC1,
PRR9

Jones et al., 2012

LSM4 and LSM5

Lengthening of circadian
period

CCA1, TOC1

Perez-Santangelo
et al., 2014

GEMIN2

Shortening of circadian
period at 220C;
temperature
compensation defect

TOC1

Schlaen et al.,
2015

SR45

N/A

CCA1

Filichkin et al.,
2015

Table 1.2 Splicing factors associated with RP
gene mutated

Prpf3

alternative

established

name

functions

RP18

tri-snRNP stability,
binding of U4/U6
duplex

Prpf4

RP70

tri-snRNP stability

major publications

Chakarova et al., 2002;
Martinez-Gimeno et al.,
2003; Gamundi et al.,
2008
Benaglio et al., 2011;
Chen et al., 2014; Linder
et al., 2014

Prpf31

RP11

tri-snRNP formation,
interaction with

Vithana et al., 2001;
Martinez-Gimeno et al.,
2003; Sullivan et al., 2006;
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PRPF6

Waseem et al., 2007; Jin
et al., 2008; Rio Frio et al.,
2008

Prpf8

RP13

U5 snRNP formation,
regulation of
SNRNP200 activity

McKie et al., 2001;
Martinez-Gimeno et al.,
2003; Ziviello et al., 2005;
Towns et al., 2010

Prpf6

RP60

tri-snRNP formation,

Tanackovic et al., 2011

interaction with
PRPF31
SNRNP200

RP33

Activation of the
spliceosome,

et al., 2011; Liu et al.,

unwinding of U4/U6

2012; Cvackova et al.,

snRNA
PAP1*

RP9

Zhao et al., 2009; Benaglio

interaction with

2014
Keen et al., 2002

PRPF3
DHX38/Prpf16*

-

remodeling of U2-U6

Ajmal et al., 2014

snRNP
Modified from Ruzickova and Stanek, 2017
* indicates a splicing factor that is not a core component of tri-snRNP but associates with one or more of tri-snRNP
splicing factors
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CHAPTER 2: SPLICEOSOME FACTORS TARGET TIMELESS (TIM) MRNA TO
CONTROL CLOCK PROTEIN ACCUMULATION AND CIRCADIAN BEHAVIOR IN
DROSOPHILA
Accepted for publication: Iryna Shakhmantsir, Soumyashant Nayak, Gregory R. Grant, Amita
Sehgal. (2018) Spliceosome factors target timeless (tim) mRNA to control clock protein
accumulation and circadian behavior in Drosophila. Elife.
Abstract
Transcription-translation feedback loops that comprise eukaryotic circadian clocks rely upon
temporal delays that separate the phase of active transcription of clock genes, such as
Drosophila period (per) and timeless (tim), from negative feedback by the two proteins. However,
our understanding of the mechanisms involved is incomplete. Through an RNA interference
screen, we found that pre-mRNA processing 4 (PRP4) kinase, a component of the U4/U6.U5
triple small nuclear ribonucleoprotein (tri-snRNP) spliceosome, and other tri-snRNP components
regulate cycling of the molecular clock as well as rest:activity rhythms. Unbiased RNASequencing uncovered an alternatively spliced intron in tim whose increased retention upon prp4
downregulation leads to decreased TIM levels. We demonstrate that the splicing of tim is
rhythmic with a phase that parallels delayed accumulation of the protein in a 24-hour cycle. We
propose that alternative splicing constitutes an important clock mechanism for delaying the daily
accumulation of clock proteins, and thereby negative feedback by them.

Introduction
Circadian rhythms allow organisms to orchestrate behavioral and physiological outputs in
anticipation of predictable diurnal changes in the environment. These rhythms are generated by
endogenous molecular clocks that entrain to environmental cycles, predominantly light and
temperature, and can maintain rhythms when released into constant conditions (free-run). A
conserved mechanistic feature of circadian clocks is an auto-regulatory transcriptional feedback
loop in which circadian proteins rhythmically regulate their own expression to generate a clock,
and also drive a global program of cycling gene expression. Discovery of this clock mechanism
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was revolutionary and has received well-deserved recognition, but critical aspects of how the
clock is sustained remain unclear.
PERIOD (PER) and TIMELESS (TIM) are the auto-regulating elements of the circadian
clock in Drosophila (Allada, R., and Chung, B.Y., 2010; Hardin, P., 2011; Zheng, X., and Sehgal,
A., 2012). The expression of per and tim is driven by circadian transcription factors CLOCK (CLK)
and CYCLE (CYC), and peaks around the early night. Relative to their mRNA peak, accumulation
of PER and TIM proteins is delayed by ~6 hours. In the mid-to-late night, PER and TIM are
predominantly nuclear, and once in the nucleus, they repress CLK-CYC activity to decrease per
and tim expression. Degradation of TIM and then of PER in the morning resets the transcription
cycle and restarts the loop. In order to maintain rhythmicity and set the proper pace of the
circadian clock, both PER and TIM need to be dynamically regulated on multiple levels. For
instance, a stable circadian molecular oscillator requires temporal delays to separate the phases
of gene transcription and repression and thereby prevent these from reaching equilibrium (Zheng,
X., and Sehgal, A., 2012).
The overall levels and stability of TIM constitute a critical circadian modality. Although
PER is the more important factor for transcriptional regulation, levels and activity of PER depend
upon TIM (Price, J.L., Dembinska, M.E., Young, M.W., and Rosbash, M., 1995; Dubruille, R., and
Emery, P., 2008). TIM levels are acutely modulated by light, which promotes the degradation of
TIM, and thereby PER, during the day and allows the rise in circadian transcription (Suri, V.,
Lanjuin, A. & Rosbash, M., 1999; Yang et al., 1998). Subsequently, TIM accumulation is
necessary to stabilize PER and promote its nuclear accumulation (Jang, A.R., Moravcevic, K.,
Saez, L., Young, M.W. & Sehgal, A., 2015). Thus, in the presence of light:dark cycles, light delays
the accumulation of TIM-PER and so contributes to the lag in repression. These temporal
relationships are largely preserved in constant darkness, and are also entrained by temperature
cycles regardless of light cues, although the mechanisms under these conditions are not known.
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While regulated protein stability and translation have been directly explored as
mechanisms that could contribute to maintenance of the feedback loop (Dembinska, M.E.,
Stanewsky, R., Hall, J.C., and Rosbash, M., 1997; Chen, Y., Hunter-Ensor, M., Schotland, P.,
and Sehgal, A., 1998; Lim, C., and Allada, R., 2013; Zhang, Y., Ling, J., Yuan, C., Dubruille, R.,
and Emery, P., 2013), and regulation of protein stability is indeed critical (Zheng, X., and Sehgal,
A.,, 2012), little investigation has focused on a potential role of alternative splicing. To date, the
best-studied role for alternative splicing in Drosophila rhythms is in the temperature-dependence
of the behavioral siesta (Majercak, J., Sidote, D., Hardin, P.E., and Edery, I., 1999; Majercak, J.,
Chen, W.F., and Edery, I., 2004; Collins, B.H., Rosato, E., and Kyriacou, C.P., 2004). Splicing is
driven by spliceosomes, dynamic RNA-protein complexes composed of five core small nuclear
ribonucleoprotein particles (U1, U2, U4, U5, U6 snRNP) and >150 additional proteins specific for
each snRNP complex (Wahl, M.C., Will, C.L. & Luhrmann, R., 2009). In this study, we report a
circadian role for Pre-mRNA Processing factor 4 (PRP4), a conserved component of the
spliceosomal U4/U6.U5 triple small nuclear ribonucleoprotein (tri-snRNP) complex. We identified
PRP4 in a screen for novel regulators of the free-running circadian period, and established that
PRP4 is necessary in tim+ clock cells to maintain 24-hour period and robust rhythms of the
circadian clock. In addition to prp4, downregulation of multiple tri-snRNP components affected
circadian period length and rhythmicity, which led us to implicate this entire spliceosomal complex
in circadian regulation. Using unbiased RNA-Sequencing, we characterized the splicing events
regulated by PRP4 and identified a novel intron retention event in tim. We show that alternative
splicing of this intron in tim represents an important mechanism to time the daily accumulation of
TIM, in constant darkness following entrainment to light:dark cycles and also in temperature
cycles. Together, these findings identify a mechanism contributing to the maintenance of clock
function.

20

Methods
Table 2.1 Key Resources
Reagent type (species)
or resource

Designation

Source or
reference

Identifiers

gene (Drosophila

prp4

NA

FLYB:FBgn00
27587

timeless (tim)

NA

FLYB:FBgn00
14396

period (per)

NA

FLYB:FBgn00
03068

prp8

NA

FLYB:FBgn00
33688

brr2

NA

FLYB:FBgn02
63599

prp3

NA

FLYB:FBgn00
36915

prp31

NA

FLYB:FBgn00
36487

iso31

from

NA

melanogaster)
gene (Drosophila
melanogaster)
gene (Drosophila
melanogaster)
gene (Drosophila
melanogaster)
gene (Drosophila
melanogaster)
gene (Drosophila
melanogaster)
gene (Drosophila
melanogaster)
strain, strain background
(Drosophila melanogaster)

Additional
information

also known as
l(3)72Ab

laboratory
stocks

genetic reagent (Drosophila

per01

melanogaster)

Bloomington
Drosophila

FLYB:FBal00
13649

Stock Center
(BDSC)
genetic reagent (Drosophila

tim0

BDSC

FLYB:FBal00
35778

TUG (Tim-UAS-Gal4)

BDSC

FLYB:FBtp00
11839

pdfGal4; pdfG4

BDSC

FLYB:FBtp00
11844

melanogaster)
genetic reagent (Drosophila
melanogaster)
genetic reagent (Drosophila
melanogaster)
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genetic reagent (Drosophila

elavGal4; elavG4

BDSC

BDSC:25750

GMRGal4; GMR

BDSC

FLYB:FBti000
2994

prp4RNAi (GD)

Vienna
Drosophila
Resource
Center
(VDRC)

VDRC:27808

prp4RNAi (KK)

VDRC

VDRC:10704
2

prp8RNAi (GD)

VDRC

VDRC:18565

prp3RNAi (GD)

VDRC

VDRC:25547

prp3RNAi (KK)

VDRC

VDRC:10362
8

prp31RNAi (KK)

VDRC

VDRC:10372
1

brr2RNAi (KK)

VDRC

VDRC:11066
6

prp82e1

BDSC

FLYB:FBal01
90235;
BDSC:25905

prp82e2

BDSC

FLYB:FBal01
90015;
BDSC:25912

brr2e03171

BDSC

FLYB:FBti004
1681;
BDSC:18127

UAS-Dicer2; Dcr2

BDSC

FLYB:FBtp00
36672

UAS-tim-spliced; timspliced

this paper

NA

melanogaster)
genetic reagent (Drosophila
melanogaster)
genetic reagent (Drosophila
melanogaster)

genetic reagent (Drosophila
melanogaster)

genetic reagent (Drosophila
melanogaster)
genetic reagent (Drosophila
melanogaster)
genetic reagent (Drosophila
melanogaster)
genetic reagent (Drosophila
melanogaster)
genetic reagent (Drosophila
melanogaster)
genetic reagent (Drosophila
melanogaster)
genetic reagent (Drosophila
melanogaster)
genetic reagent (Drosophila
melanogaster)
genetic reagent (Drosophila
melanogaster)
genetic reagent (Drosophila
melanogaster)

generated by
the site-specific
PhiC31
Integration
System
(Rainbow
Transgenics)
using the attP
on the 3rd
chromosome;
pUAST-tim-
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spliced plasmid
was used for
injection
genetic reagent (Drosophila

UAS-tim-retained; timretained

this paper

NA

generated by
the site-specific
PhiC31
Integration
System
(Rainbow
Transgenics)
using the attP
on the 3rd
chromosome;
pUAST-timretained
plasmid was
used for
injection

UAS-timretained+ssM; timretained+ssM

this paper

NA

generated by
the site-specific
PhiC31
Integration
System
(Rainbow
Transgenics)
using the attP
on the 3rd
chromosome;
pUAST-timretained+ssM
plasmid was
used for
injection

cell line (Drosophila
melanogaster)

S2

ATCC
(Manassas,
VA)

FLYB:FBtc00
00181;
RRID:CVCL:Z
992

antibody

guinea pig anti-PER
UP1140

Garbe et al.,
2013

NA

1:1000

antibody

rat anti-TIM UPR42

Jang et al.,
2015

NA

1:1000

antibody

rabbit anti-PDF HH74

Garbe et al.,
2013

NA

1:500

antibody

mouse anti-LaminC

Developmenta
l Studies
Hybridoma
Bank (DSHB)

LC28.26

1:500

antibody

mouse anti-HSP70

Sigma

Cat# H5147

1:5000

recombinant DNA reagent

pIZ/V5-His plasmid

ThermoFische
r

Cat#
V800001

backbone

recombinant DNA reagent

pBluescript-tim

lab collection

NA

tim sequence
contained timtiny; used for
subcloning

melanogaster)

genetic reagent (Drosophila
melanogaster)
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recombinant DNA reagent

tim-spliced; pIZ-timspliced

this paper

NA

tim cDNA was
subcloned into
pIZ-V5
plasmids

recombinant DNA reagent

tim-retained; pIZ-timretained

this paper

NA

tim-tiny intron
was subcloned
into pIZ-timspliced vector
from
pBluescript-tim
plasmid

recombinant DNA reagent

tim-retained+ssM; pIZtim-retained+ssM

this paper

NA

generated by
mutagenesis of
the 5’ splice
donor site of
tim-tiny intron
from pIZ-timretained
plasmid

recombinant DNA reagent

tim-spliced; pUASTtim-spliced

this paper

NA

tim cDNA was
subcloned from
pIZ-tim-spliced
into pUASTattB vector

recombinant DNA reagent

tim-retained; pUASTtim-retained

this paper

NA

tim cDNA was
subcloned from
pIZ-tim-retained
into pUASTattB vector

recombinant DNA reagent

tim-retained+ssM;
pUAST-timretained+ssM

this paper

NA

tim cDNA was
subcloned from
pIZ-timretained+ssM
into pUASTattB vector

sequence-based reagent

tim PP11542 (‘mRNA’)
_F

ATGGACTGG
TTACTAGCA
ACTCC

sequence-based reagent

tim PP11542 (‘mRNA’)
_R

GGTCCTCAT
AGGTGAGCT
TGT

sequence-based reagent

per_F

CGTCAATCC
ATGGTCCCG

sequence-based reagent

per_R

CCTGAAAGA
CGCGATGGT
G

sequence-based reagent

clk_F

GGATGCCAA
TGCCTACGA
GT

sequence-based reagent

clk_R

ACCTACGAA
AGTAGCCCA
CG

sequence-based reagent

prp4_F

CACAAGCAG
CATCTTTGTA
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TGG
sequence-based reagent

prp4_R

TGTGGAGTC
CCACATTCTT
G

sequence-based reagent

tim-tiny_retained_F

AAACGTGAG
TTAAAGTCAA
CC

sequence-based reagent

tim-tiny_retained_R

GAGAGGCAC
ACAGCATAT
C

sequence-based reagent

tim-tiny_spliced_F

CCGCTGGAC
AAACTCAAC
CTC

sequence-based reagent

tim-tiny_spliced_R

TCGGTATCG
CCGAGATCC
ACG

sequence-based reagent

tim-cold_retained_F

GGCTCATGA
TCATTGCAG
CAGC

sequence-based reagent

tim-cold_retained_R

ATAGTGGGG
CACCCGGAT
CTC

sequence-based reagent

tim-cold_spliced_F

TTAAACAGC
GACAATGTC
TCTTTGG

sequence-based reagent

tim-cold_spliced_R

GAATTGGAT
CCTCAGTGA
TAGTGGG

sequence-based reagent

tim_non_spanning
('exon')_F

GAAGAACAA
CGATATTGT
GGGAAAG

sequence-based reagent

tim_non_spanning
('exon')_R

AGTGGGAGT
TGTCAGCAA
AG

sequence-based reagent

per_retained_F

GAGGACCAG
ACACAGCAC
GG

sequence-based reagent

per_retained_R

CGGAGGCAA
TTGCTCACT
CGT

sequence-based reagent

per_spliced_F

GAGGACCAG
ACACAGCAC
GG

sequence-based reagent

per_spliced_R

TCGCGTTGA
TTCGAAGAA
TCGTT

sequence-based reagent

rp49_F

GACGCTTCA
AGGGACAGT
ATCTG
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sequence-based reagent

rp49_R

AAACGCGGT
TCTGCATGA
G

sequence-based reagent

tim_tinySSdonorT>A_
F

CTGGACAAA
CGAGAGTTA
AAGTCAACC

sequence-based reagent

tim_tinySSdonorT>A_
R

CGGTCCCAG
CTTTTTGGC

commercial assay or kit

RNeasy Plus Mini Kit

Qiagen

Cat# 74134

commercial assay or kit

Superscript II Reverse
Transcriptase

ThermoFische
r

Cat#
18064014

commercial assay or kit

TRIzol Reagent

ThermoFische
r

Cat#
15596026

commercial assay or kit

Q5® Site-Directed
Mutagenesis Kit

NEB

Cat# E0554S

commercial assay or kit

Effectene Transfection
Reagent

Qiagen

Cat# 301425

software, algorithm

Graphpad Prism v7

Graphpad
Software

https://www.gr
aphpad.com/

software, algorithm

JTK_CYCLE v3

Hughes et al.,
2010

NA

software, algorithm

ImageJ

NIH

https://imagej.
nih.gov/ij/

software, algorithm

ClockLab Software

Actimetrics
(Wilmette, IL)

https://actimet
rics.com/prod
ucts/clocklab

Fly husbandry and stocks
Fly stocks and crosses were maintained at room temperature or at 180C on standard cornmeal
molasses medium. Stocks for RNAi overexpression were obtained from VRDC. brr2e03171, prp82e1,
prp82e2 mutants were obtained from the Bloomington stock center. iso31, per01 and Gal4 stocks
were from the Sehgal lab stock collection. Transgenic lines for tim cDNA overexpression were
generated by the site-specific PhiC31 Integration System (Rainbow Transgenics) using the attP
on the 3rd chromosome. The DNA for fly embryo injections contained tim cDNA constructs (Fig
5A) subcloned into pUASTattB vectors.
Circadian behavior analysis

26

For free-running circadian analysis, male flies were entrained to 12h:12h light:dark (LD) cycles at
250C for at least 3 complete cycles. Flies were loaded into TriKinetics Drosophila Activity Monitor
(DAM) system (Trikinetics, Waltham, MA), released into constant darkness and recorded for at
least 7 days. Circadian parameters (period and rhythm strength) were determined using Clocklab
Software (Actimetrics, Wilmette, IL). Period length was determined with χ2 periodogram analysis.
Rhythm strength was determined using Fast Fourier Transform (FFT) values. A fly was
considered rhythmic if the FFT value was greater than 0.01.
For analysis of circadian behavior in LD, flies were stably entrained in LD at 250C for 3 days and
their behavior was recorded as described above for the next 3 subsequent days. The analysis of
activity counts was performed using Insomniac3 Software (RP Metrix).
Immunohistochemistry and confocal microscopy
Fly brains were dissected in 4% paraformaldehyde (PFA) in 1x phosphate-buffered saline (PBS),
fixed in PFA for 20 minutes at room temperature (RT) and then additionally trimmed of the air
sacs and other contaminating tissues in 1xPBST. Dissected brains from each time point were
stored in 1xPBST at 40C until all of the time points were collected (never for more than 8 hours).
Once all dissections and fixations were completed, brains were washed in 1xPBST for 20 minutes
at RT, blocked with 5% Donkey Serum (DS) in 1xPBST for 20 minutes at RT, and incubated with
the primary antibodies diluted in 5% DS overnight with gentle shaking at 40C. The primary
antibodies included rat anti-TIM (UPR42, 1:1000), guinea pig anti-PER (UP1140, 1:1000), rabbit
anti-PDF (HH74, 1:500) and mouse anti-LaminC (LC28.26 from Developmental Studies
Hybridoma Bank, 1:500). After a 30 minute wash in 1xPBST at RT, brains were incubated with
secondary antibodies diluted in 5% DS at RT. Secondary antibodies were used at 1:500 dilution
and included FITC donkey-anti-guinea pig (Rockland), Alexa555 donkey-anti-rabbit (Jackson
Immuno), Alexa647 donkey-anti-mouse (Jackson Immuno). Samples were washed for 30 minutes
in 1xPBST at RT, and mounted in VectaShield. Slides were imaged with a Leica SP5 confocal
microscope using a 40x oil-immersion objective and a 0.5 μM step size. The signal was adjusted
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to be not saturated as determined by QLUT parameters. After this original adjustment, all the
settings were kept constant for a given experimental set. ImageJ software was used for analysis.
Western blot analysis
Western blot assays with fly heads were performed as previously described (Garbe et al., 2014).
Briefly, 7-10 fly heads per genotype/condition were lysed in 1x Passive Lysis Buffer (Promega),
supplemented with protease and phosphatase inhibitors. For S2 cell extracts, 48h after
transfection, cells were collected and lysed in the same buffer as described for fly heads. The
following primary antibodies were used: anti-PER (UP1140, 1:1000), anti-TIM (UPR42, 1:1000)
and anti-HSP70 (Sigma, 1:5000).
Plasmids and S2 cell culture
For cell culture expression, tim cDNA was subcloned into pIZ-V5 plasmids. Using standard
restriction enzyme cloning technique, the tim-tiny intron was subcloned into pIZ-V5 vectors
carrying intronless tim cDNA from the pBluescript-tim plasmid. Mutagenesis of the 5’ splice donor
of tim-tiny intron site was performed with primers catalogued in Table 2.1 using Q5® SiteDirected Mutagenesis Kit (NEB).
S2 cells were cultured in a standard Schneider medium (Invitrogen) supplemented with 10% FBS
(Sigma). Transfection was done using an Effectene kit (Qiagen) according to the manufacturer’s
protocol.
Quantitative RT-PCR
Flies were collected on dry ice at indicated time points and stored at -800C until all of the time
points were collected (within 24 hours). Fly heads were then collected on dry ice and
homogenized with TRIzol (ThermoFischer) on ice using standard protocols. Following the phase
separation, the aqueous phase was transferred into a new tube, mixed with an equal volume of
70% ethanol and loaded directly onto the RNeasy mini kit columns (Qiagen). The rest of the RNA
isolation was done according to the manufacturer’s protocol. On-column DNase digestion
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(Qiagen) for 15 minutes at RT was always included. cDNA was generated with Superscript II
(Invitrogen), according to the manufacturer’s protocol. Quantitative RT-PCR reaction was
performed in a ViiA7 Real-Time PCR system (Applied Biosystems) using SYBR Green Master
Mix (Applied Biosystems) with gene specific primers (Table 2.1). Relative gene expression was
calculated using the ΔΔCt method with rp49 as normalization control.
RNA-Sequencing and Data Analysis
RNA extraction was performed as described in the “Quantitative RT-PCR” section above.
Tapestation (Agilent) was used to ensure that all of RNA samples were of high-quality (RIN>8). 5
samples per each genotype were selected and prepared with Lexogen’s SENSE mRNA-Seq
library Prep Kit. Illumina Next-Generation Sequencing (NextSeq 500) with 300pb paired-end high
output run (at ~50M reads per sample) was performed by the Genomics Facility at the Wistar
Institute, Philadelphia, PA.
The RNA-seq reads were aligned to the Drosophila genome (dm6.BDGP6.v88) using STAR
version 2.5.3a (Dobin et al., 2012). Normalization and quantification were performed with the
PORT version 0.8.2a-beta pipeline (http://github.com/itmat/Normalization) which first removes
reads that map to ribosomal RNA sequences or mitochondrial DNA and then uses a read resampling strategy for normalization to minimize unwanted variance such as differences in
sequencing depth among the samples. PORT normalization was performed before quantification,
at the aligned read level. After normalization, the quantification of features (genes, exons, introns,
junctions) was done with respect to the Ensemblv88 annotation. The differential expression
analysis was performed using the R Bioconductor package limma-voom (Ritchie et al., 2015).
General pathway enrichment analyses were performed using DAVID (https://david.ncifcrf.gov/).
The top 743 differentially expressed genes upon prp4 downregulation, corresponding to FDR ≤
0.05, were used for pathway enrichment analysis. Differential splicing analysis for prp4
knockdown samples (with respect to the control) was performed using CASH (Wu, W., et al.,
2017). Full transcript quantification was done using Cufflinks-2.2, and differential psi (percent
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spliced in) analysis was performed for various gene isoforms to identify alternate splicing events
(Trapnell, C., et al., 2010; Trapnell, C., Hendrickson, D.G., Sauvageau, M., Goff, L., Rinn, J.L. &
Pachter, L., 2013).
Quantification and statistical analysis
The statistical parameters are included in the legends of each figure. JTK_CYCLEv3.1 was run in
R for circadian statistical analyses. GraphPad Prism was used for all other statistical tests.
Data deposition
The RNA-Seq data generated in this work are freely available at the Gene Expression Omnibus
(GEO) standard repository (accession # GSE115163).

Results
Pre-mRNA splicing factor 4 is a new regulator of the circadian clock
In a screen for kinases that affect circadian period length of Drosophila rest:activity
rhythms in constant dark:dark (DD) conditions, we identified Pre-mRNA Processing factor 4
(PRP4), a splicing factor that also has kinase activity (Kojima, T., Zama, T., Wada, K., Onogi, H.,
and Hagiwara, M., 2001; Schneider, M., Hsiao, H.H., Will, C.L., Giet, R., Urlaub, H., and
Luhrmann, R., 2010). RNA interference (RNAi)-mediated knockdown of prp4 in tim+ clock
neurons with the Tim-UAS-Gal4 (TUG) Gal4 driver resulted in consistently long free-running
circadian periods (Figure 2.1A-B). Two independent RNAi lines (GD and KK) were used to
confirm these findings.
The length of the free-running circadian period is an important parameter that also affects
the daily distribution of fly activity in light:dark (LD) cycles. Thus, we determined the effect of prp4
knockdown on fly diurnal activity in LD conditions (Figure 2.1C). Control (TUG; Dcr2/+) flies
displayed characteristic bimodal activity in LD, with activity peaks that precede the onset of light
(ZT0) and the onset of dark (ZT12). Compared to controls, the flies with circadian-cell-specific
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prp4 knockdown (TUG; Dcr2>prp4RNAi (GD)) exhibited a delayed evening activity peak as well as
a slightly delayed morning peak. These findings are consistent with the longer endogenous period
that we report for prp4 knockdown flies (Figure 2.1A-B).
As the small lateral ventral neurons (s-LNvs) are the most relevant clock cells for driving
rest:activity rhythms under constant dark conditions, we asked if effects of PRP4 were mediated
in these cells (Helfrich-Förster, 1998). To test this hypothesis, we downregulated prp4 in both sLNvs and large lateral ventral neurons (l-LNvs) with a Gal4 transgene driven by a peptide
expressed specifically in these cells, Pigment Dispersing Factor (PDF). Knockdown of prp4 with
pdf-Gal4 driving the weaker RNAi line (GD) led to a modest yet significant lengthening of freerunning circadian period (Figure 2.1F). Interestingly, the knockdown of prp4 with a stronger RNAi
(KK) led to complex rhythms (Figure 2.1E). These complex rhythms were generally characterized
by changes in the behavioral pattern, often manifest as phase shifts during day 4 or 5 of constant
darkness (see ~6-h shift in the record shown), in the midst of an otherwise rhythmic record
(Figure 2.1D). Such a complex rhythm phenotype could reflect uncoupling of period into two
components of pdf+ and pdf- cell oscillators (Yao, Z., Bennett, A.J., Clem, J.L. & Shafer, O.T.,
2014). Overall, these findings suggest that PRP4 action in LNvs contributes to maintaining clock
function.
PRP4 is required for robust TIM and PER cycling
Since our data indicated that PRP4 is necessary in LNvs for proper circadian rhythmicity
(Figure 2.1), we next examined the circadian cycling of PER and TIM in s-LNvs at regular
intervals around the clock (Figure 2.2A-C). Cycling of both PER and TIM was affected in s-LNvs
upon prp4 knockdown with the clock-specific TUG driver (Figure 2.2A-C). Total TIM levels, as
quantified by corrected total cell fluorescence (CTCF) image analysis, were decreased during the
night (Figure 2.2B-C). PER levels were also lower in the late night (ZT20), and especially so in
the early morning (ZT2), in prp4 knockdown flies (Figure 2.2A,C). Additionally, nuclear
accumulation of PER was delayed beyond ~ZT20, the time point at which PER was already
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partially localized to the nucleus in control flies (Figure 2.2A). To further characterize the effect on
nuclear expression, we profiled relative nuclear PER expression upon prp4 knockdown with each
of the two RNAi lines (GD and KK) in s-LNvs around the time of nuclear accumulation of PER
(ZT18-ZT22). We found that the nuclear accumulation of PER was slower in flies with decreased
prp4 (both GD and KK RNAi lines) than in controls (TUG; Dcr2/+) at these time points (Figure 2.2
– figure supplement 1). Overall, our immunohistochemistry data point to a distinct molecular clock
phenotype upon prp4 downregulation. Because TIM is necessary for nuclear accumulation of
PER (Vosshall, L.B., Price, J.L., Sehgal, A., Saez, L. & Young, M.W., 1994; Saez, L. & Young,
M.W., 1996; Jang, A.R., Moravcevic, K., Saez, L., Young, M.W. & Sehgal, A., 2015), reduced TIM
accumulation could account for the delay and overall reduced nuclear expression of PER in sLNvs (Figure 2.2, Figure 2.2 – figure supplement 1), which together could account for the longer
free-running period.
As biochemical analysis of PER and TIM oscillations requires large amounts of tissue, we
conducted pan-neuronal knockdown of prp4 with the elavGal4 driver. The pan-neuronal
manipulation targeted prp4 more broadly, allowing us to verify the efficiency of the knockdown
through RNA analysis of whole heads. We consistently observed ~50% reduction in prp4 RNA in
head lysates of flies where it was knocked down pan-neuronally (Figure 2.2 – figure supplement
2). This broad manipulation also allowed us to test the effects of prp4 reduction on PER and TIM
levels using western blotting of whole head lysates. The results obtained with this relatively crude
method agreed well with our immunohistochemistry profiling of s-LNvs. First, we observed a
strong effect of prp4 downregulation on total TIM levels, particularly during the initial TIM
accumulation phase (ZT10-18) (Figure 2.2D-E). Quantification of our western blot data across
multiple experiments suggested that prp4 knockdown also blunted the circadian cycling of TIM
protein (Figure 2.2E). While the total levels of PER were not changed upon prp4 downregulation,
its phosphorylation profile was dampened. In control (elavGal4; Dcr2/+) flies, as previously
reported (Edery, I., Zwiebel, L.J., Dembinska, M.E. & Rosbash, M., 1994), PER was increasingly
phosphorylated in the late night and early morning up until its degradation. In flies with reduced
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prp4 levels, PER migrated at a lower molecular weight on western blots (ZT18-ZT2). We
speculate that the dampened phosphorylation profile of PER reflects, at least in part, the defect in
nuclear accumulation of PER because a number of sites on PER get phosphorylated only when
PER starts to accumulate in the nucleus (after ZT20) (Chiu, J.C., Ko, H.W. & Edery, I., 2011).
Alternatively, prp4 depletion could have a TIM-independent effect on PER to regulate its
phosphorylation profile.
Circadian rhythmicity is modulated by tri-snRNP levels
As noted above, PRP4 is associated with kinase activity, but it is also a component of the
spliceosome (Kojima, T., Zama, T., Wada, K., Onogi, H., and Hagiwara, M., 2001; Schneider, M.,
Hsiao, H.H., Will, C.L., Giet, R., Urlaub, H., and Luhrmann, R., 2010; Eckert, D., et al., 2016). To
address if the circadian role of PRP4 was spliceosome-dependent, we assayed circadian
behavior following knockdown of additional tri-snRNP components. Strikingly, clock-specific
downregulation of pre-mRNA processing factor 3 (prp3) and pre-mRNA processing factor 31
(prp31), which are associated primarily with U4/U6 snRNP, as well as pre-mRNA processing
factor 8 (prp8) and bad response to refrigeration 2 (brr2), which are associated with U5 snRNP,
caused pronounced defects in free-running circadian behavior (Table 2.2). The phenotypes
ranged from period lengthening to complete arrhythmicity, suggesting that the overall levels
and/or stability of tri-snRNP regulate circadian rhythms.
To determine if the molecular signatures of prp4 knockdown and other tri-snRNP
downregulation phenotypes were similar, we performed s-LNv-specific analysis of PER and TIM
levels with a few randomly selected RNAi lines. We found that the s-LNvs of flies with
downregulated prp8 had lower TIM levels at night, and also showed decreased nuclear
accumulation at ZT20 relative to control flies (Figure 2.3A). These data allow us to conclude that
circadian oscillations of PER (data not shown) and TIM are sensitive to changes in the levels of
multiple tri-snRNP components.
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We further examined tri-snRNP function in circadian regulation by utilizing some of the
previously characterized mutants of prp8 and brr2 (Coelho, C. M. A. et al., 2005; Bivik, C. et al.,
2015). Because tri-snRNP components are essential genes with no homozygous viable knockout
mutants described to date, we tested circadian behavior in the viable transheterozygous prp8/brr2
mutants. The heterozygous prp8/+ and brr2/+ mutants displayed normal circadian rhythms,
readily explained by the haplosufficiency of these two genes (Figure 2.3B). Transheterozygous
prp8/brr2 mutant flies had normal circadian period (data not shown), but displayed decreased
rhythm strength compared to the prp8/+ and brr2/+ heterozygous flies, confirming a circadian
function of the tri-snRNP (Figure 2.3B).
PRP4 regulates tim splicing
Next, we attempted to identify the mechanism by which PRP4 regulates circadian
rhythms, starting with the broad hypothesis that downregulation of prp4 leads to the aberrant
splicing of one or more core clock transcripts. Analysis of clock transcripts indicated an increase
in tim levels in the late night in flies with reduced prp4 (Figure 2.4 – figure supplement 1), but in
order to apply an unbiased approach, we performed RNA-Sequencing (RNA-Seq) analysis of fly
heads in which prp4 had been knocked down. As clock protein expression in the eye contributes
a majority of the signal in head assays, we used an eye-specific Glass Multiple Promoter (GMRGal4) driver for prp4 knockdown. Overall gene expression was dramatically influenced by prp4
downregulation (433 down, 310 up at FDR < 0.05) (Supplementary File 2). Pathway enrichment
analysis using DAVID identified changes in folate biosynthesis as well as in other broad pathway
categories such as protein export, protein processing in endoplasmic reticulum and drug
metabolism (Supplementary File 1). Interestingly, components of folate metabolism have been
previously implicated in circadian clock regulation in human cells (Zhang E. E. et al., 2009).
Despite the fact that PRP4 is a component of the core spliceosome required for constitutive
splicing, we did not detect dramatic effects on global splicing. Using the Comprehensive AS
Hunting (CASH) method, which assays for splicing events, our analysis identified 45 genes
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exhibiting differential splicing upon prp4 downregulation, with FDR ≤ 0.05 (Wu, W., et al., 2017)
(Supplementary File 3).
An intron retention event in tim that was significantly upregulated upon prp4 knockdown
was of particular interest due to its potential clock function (Figure 2.4A-B). Our initial splicing
analysis was performed with CASH, but we additionally ran the Cufflinks-2.2 pipeline to obtain psi
(percent spliced in) information for differentially spliced isoforms (Supplementary File 4).
Importantly, the same retention event in tim, at position chr2L:3499764-3500000 (hereafter we
refer to this intron as tim-tiny for simplicity), was consistently identified as significantly upregulated
with both analyses (Figure 2.4A). For comparison, differential alternative splicing in only 4 other
genes (trol, pex7, Npc1a, vsg) was consistently identified with both of the algorithms (Figure
2.4A). Moreover, the RNA-Seq reads across the tiny-tiny junction normalized to its neighboring
junction (2L:3500362-3500422), which is spliced out in all of the tim isoforms, were significantly
increased in the prp4 knockdown samples (GMR>prp4RNAi) compared to the controls (GMR/+),
further pointing to the retention of tim-tiny (Figure 2.4C). To estimate how common tim-tiny
retention was in control flies (GMR/+), we quantified the ratio of isoforms that contain tim-tiny
(tim-RM and tim-RS) to those that do not contain this intron using our Cufflinks-2.2 output
(Supplementary File 4). This analysis indicated that the isoforms retaining tim-tiny were twice as
abundant as other isoforms at ZT 8 (when all of the RNA-Seq samples were collected)
(Supplementary File 5).
Motivated by the RNA-Seq data, we sought to verify the retention of the tim-tiny intron
upon pan-neuronal prp4 knockdown. For this purpose, we designed primers that would amplify
only the transcript containing the retained intron or only the spliced transcript respectively (Figure
2.4 – figure supplement 2). The ratio of retained to spliced signal would then indicate the relative
intron retention. Using this approach, increased tim-tiny retention was consistently detected upon
pan-neuronal prp4 knockdown (Figure 2.4D). Additionally, by performing a control set of
experiments, the signal from the ‘retained’ primer set targeting tim-tiny was verified not to reflect
genomic DNA contamination (Figure 2.4 – figure supplement 2A-B). First, retained intron levels
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were normalized to total tim mRNA. As total tim mRNA was amplified with primers that do not
span junctions, but rather bind within sequences of a different exon (‘exon’), they are also
expected to detect any contaminating DNA in addition to mRNA. As with the tim-tiny
retained/spliced ratio, the retained/exon ratio indicated increased tim-tiny retention upon prp4
knockdown, in particular at ZT12, a time point used for our initial RNA-Seq analysis (Figure 2.4 –
figure supplement 2B). Additionally, we amplified RNA using primers that span an exon-exon
junction at a different part of tim (‘mRNA’), which hence should only detect mRNA, and found that
the ratio of tim ‘exon’ to ‘mRNA’ was not different between the control (elavGal4; Dcr2/+) and the
prp4 knockdown flies (elavGal4; Dcr2>prp4RNAi (GD)), indicating that residual DNA contamination
does not contribute to the increased detection of tim-tiny with prp4 knockdown (Figure 2.4 – figure
supplement 2B).
Intron retention in tim decreases TIM levels and affects circadian behavior
To assay the influence of prp4-dependent tim-tiny intron retention on TIM levels, we
generated tim cDNA constructs that lacked the intron (‘tim-spliced‘), included the intron (‘timretained’) or included the intron along with a silent T>A mutation in the 5’ donor splice site at
2L:3499999 (‘tim-retained-ssM’) (Figure 2.5A). All constructs were transfected into S2 cells and
assayed for their ability to drive expression of TIM protein. Intron inclusion had a drastic effect on
the total levels of TIM, ranging from highest in the condition when no intron was present to no
detectable full size TIM in the condition when splicing was blocked with the mutation (Figure
2.5B). Expression of the construct with the 5’ splice site mutation led to low level production of a
shorter TIM isoform that we call TIMtiny. This isoform was entirely absent when tim cDNA lacking
the tim-tiny intron was expressed but was produced upon expression of the cDNA construct that
included tim-tiny. Therefore, TIMtiny is a truncated TIM isoform generated from the tim mRNA
carrying an unspliced tim-tiny intron. Total mRNA levels were not different between these 3
experimental conditions, pointing to the post-transcriptional regulation of TIM protein abundance
(data not shown).
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Next, we overexpressed tim cDNA transgenes (Figure 2.5A) in flies, using a circadian cell
driver (TUG). Normally, overexpression of tim using the Gal4-UAS system reduces rhythmicity
and increases free-running periods, likely due to prolonged expression of the excess protein
coupled with little negative feedback to downregulate production (Yang, Z., and Sehgal, A.,
2001). Overexpression of ‘tim-spliced’ and ‘tim-retained’ cDNAs caused lengthening of freerunning periods (Figure 2.5D). However, the circadian behavior of flies overexpressing the cDNA
construct with the 5’ splice site mutation in tim-tiny (TUG; Dcr2>tim-retained+ssM) was not
different from that of the controls (TUG; Dcr2/+). This would fit with our observations from S2
cells, which suggested a loss of full-sized TIM (TIMfull) expression when tim-tiny was primed for
selective retention. Thus, we hypothesized that overexpression of the construct with the 5’ splice
site mutation did not produce TIMfull in flies. We assayed TIM levels in flies overexpressing
different tim cDNA constructs through western blots of fly head lysates collected at ZT10 when
the endogenous TIM levels are low in controls (TUG; Dcr2/+) (Figure 2.5C). As predicted, flies
that overexpressed ‘tim-retained-ssM’ cDNA did not have increased TIMfull relative to controls,
although both ‘tim-spliced’ and ‘tim-retained’ transgenes expressed abundant amounts of protein.
Interestingly, we detected a band, likely corresponding to TIMtiny, in TUG; Dcr2>tim-retained+ssM
flies, which was absent in the TUG; Dcr2/+ controls. These data further corroborate our S2 cell
findings and suggest that selective tim-tiny retention acts to reduce overall TIM levels.
To further understand the effect of tim-tiny splicing on circadian behavior, we
overexpressed ‘tim-spliced’, ‘tim-retained’ and ‘tim-retained-ssM’ using the TUG driver in the tim0
homozygous background. We hypothesized that differential splicing of tim-tiny is necessary for
the maintenance of circadian rhythmicity and so the ‘tim-retained’ construct would rescue the
behavioral rhythm most efficiently because it allows for both the splicing and retention of the
intron. Additionally, because prp4 knockdown increases the retention of tim-tiny (Figure 2.4) and
prolongs the rhythm (Figure 2.1), we speculated that the ‘tim-spliced’ construct would rescue with
a shorter period than the ‘tim-retained’ construct. As expected, the expression of tim cDNA with a
5’ splice site mutation in tim-tiny (‘tim-retained+ssM’) did not restore rhythms in tim0 flies (Figure
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2.5E). The other two cDNA constructs, ‘tim-retained’ and ‘tim-spliced’ rescued rhythms in 54 %
and 32% of tim0 flies, respectively. Importantly, there was a significant difference in period length
between the flies that were rhythmic (Figure 2.5F). As discussed above, the UAS-GAL4 system
typically over-expresses proteins and so rescues per/tim mutants with longer periods (Yang, Z.,
and Sehgal, A., 2001), which we observed for the ‘tim-retained’ isoform (~26 hours). Shorter
periods were seen with the ‘tim-spliced’ version (Figure 2.5F), supporting the idea that tim-tiny
retention promotes clock delays.
tim splicing is regulated by the clock and by temperature
We next asked if the splicing of tim is under circadian regulation. For this purpose, we
generated relative intron retention profiles across regular intervals under both LD and DD
conditions (Figure 2.6A-B). In LD conditions, intron retention of tim-tiny did not display a
significant cycle (by JTK analysis) but nevertheless showed a peak at ZT8. In DD conditions,
interestingly, we observed robust cycling of tim-tiny with a crest at CT8. It was previously reported
that the last (~850bp) intron in tim (also known as tim-cold) is also sometimes retained
(Boothroyd, C.E., Wijnen, H., Naef, F., Saez, L. & Young, M.W., 2007). To determine if the
retention of tim-cold is rhythmic, as is the retention of tim-tiny, we profiled tim-cold intron retention
across a 24-hour cycle under different conditions. We found that tim-cold retention cycled in both
LD and DD with similar phases, such that peak intron retention was during the day in LD and the
subjective day in DD. To further verify that the cycling we detected for tim splicing was under
clock control, we assayed tim-tiny and tim-cold intron retention profiles in per01 mutant flies. In
per01 flies under both LD and DD conditions, the cycling of both tim-tiny and tim-cold intron
retention was abolished, indicating that the circadian clock drives circadian oscillations in tim
splicing. We suggest that retention of the tim-tiny intron during the day serves to delay the
accumulation of TIM protein, in particular when light is not available to degrade TIM.
It was previously reported that tim-cold retention is regulated by temperature and peaks at
colder temperatures (Boothroyd, C.E., Wijnen, H., Naef, F., Saez, L. & Young, M.W., 2007). To
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determine if the splicing of tim-tiny was similarly sensitive to temperature, we used a temperature
entrainment paradigm (12h:12h 300C:250C) under constant photic conditions (Figure 2.6C-D). In
constant dark, temperature cycles were able to drive tim expression as previously reported
(Glaser, F.T., and Stanewsky, R., 2005). Additionally, the profile of tim-cold retention was cyclic
with the highest retention levels during the colder (250C) temperatures. Interestingly, tim-tiny
retention was robustly rhythmic under these temperature conditions, yet, unlike tim-cold, intron
retention was increased by higher temperatures and decreased by lower ones. Thus, higher
temperatures, which are typically associated with daytime hours, may reduce TIM levels by
regulating the splicing of tim-tiny, while light does so through TIM degradation (Hunter-Ensor, M.,
Ousley, A., and Sehgal, A., 1996; Myers, M.P., Wager-Smith, K., Rothenfluh-Hilfiker, A., and
Young, M.W., 1996; Zeng, H., Qian, Z., Myers, M.P., and Rosbash, M., 1996; Naidoo, N., Song,
W., Hunter-Ensor, M., and Sehgal, A., 1999). We observed the same relationship and even more
robust cycling of tim-tiny under temperature cycles (12h:12h 300C:250C) in constant light
conditions (Figure 2.6D). In these conditions, tim-cold did not cycle, further indicating different
regulation of these two splicing events in tim.

Discussion
In this study, we identify a novel alternative splicing (AS) mechanism that affects the pace
of endogenous circadian oscillations and implicates PRP4 and other tri-snRNP components in
circadian clock regulation. Importantly, our findings contribute to the understanding of a
longstanding question in the circadian field, specifically how negative feedback by clock proteins
is delayed in order to permit distinct phases, and therefore oscillations, of transcriptional
activation and repression. In Drosophila, PER translation does not appear to be delayed relative
to its mRNA production in a daily cycle (Chen, Y., Hunter-Ensor, M., Schotland, P., and Sehgal,
A., 1998), but the protein is initially destabilized through its phosphorylation by the DOUBLETIME
(DBT) kinase (Price, J.L., Blau, J., Rothenfluh, A., Abodeely, M., Kloss, B., and Young, M.W.,
1998). TIM stabilizes PER by alleviating this effect of DBT, and so accumulation of TIM, which
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only occurs after dark as TIM is degraded by light, determines the rise of PER. How this
mechanism persists when light is not a cycling cue, for instance in constant darkness or in
temperature cycles in constant light, was not known. Alternative splicing of the tim-tiny intron may
be critical under these conditions.
The circadian profile of tim-tiny intron retention (i.e. high during the daytime) is consistent
with it delaying the accumulation of TIM protein. Indeed, this mechanism is particularly robust in
DD (Figure 2.6) and also in temperature cycles in constant light conditions (Glaser, F.T., and
Stanewsky, R., 2005; Yoshii, T., Heshiki, Y., Ibuki-Ishibashi, T., Matsumoto, A., Tanimura, T. &
Tomioka, K., 2005). The retention of tim-tiny peaks at high temperatures, which correlates with
low TIM levels (Glaser, F.T., and Stanewsky, R., 2005; Yoshii, T., Heshiki, Y., Ibuki-Ishibashi, T.,
Matsumoto, A., Tanimura, T. & Tomioka, K., 2005). We propose a model (Figure 2.7) whereby
the splice choice at the tim-tiny locus modulates the rate of TIM accumulation, which in turn
affects the total levels of nuclear PER and TIM. The intron retention of tim-tiny, therefore, likely
contributes to a delay between initial tim expression and accumulation of TIM, ensuring stability
and robustness of the circadian oscillator. At the same time, the response of this splicing event to
temperature promotes flexibility of the clock.
Traditionally, it has been accepted that AS is driven by a set of auxiliary splicing factors,
such as serine/arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins
(hnRNPs), that act on cis-regulatory splicing modules and recruit U1 and U2 snRNP machinery
(Matera, A.G., and Wang, Z., 2014; Bradley, T., Cook, M.E., and Blanchette, M., 2015; Han, J.,
Xiong, J., Wang, D., and Fu, X.D., 2011). However, studies from a range of organisms
increasingly point to the involvement of the core spliceosomal machinery not only in AS execution
but also in splice junction selection (Brooks, A.N., et al., 2015; Burckin, T. et al., 2005; Clark, T.A.,
Sugnet, C.W. & Ares, M.,Jr., 2002; Park, J.W., Parisky, K., Celotto, A.M., Reenan, R.A. &
Graveley, B.R., 2004; Pleiss, J.A., Whitworth, G.B., Bergkessel, M. & Guthrie, C., 2007). Our
RNA-seq findings further support the idea that the abundance/stability of at least some
components of the core spliceosome has an effect on a select subset of AS events, while
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constitutive splicing seems to be unperturbed (Supplementary File 3 and 4). A functional network
of spliceosomal proteins has been proposed on the basis of their knockdown phenotypes
(Papasaikas, P., Tejedor, J.R., Vigevani, L. & Valcarcel, J., 2014). According to this model, PRP4
resides within the tri-snRNP regulatory module, which largely coincides with the previously
reported physical interactions between the components of the tri-snRNP (Dellaire, G. et al., 2002;
Bottner, C.A., Schmidt, H., Vogel, S., Michele, M., and Kaufer, N.F., et al., 2005; Schneider, M.,
Hsiao, H.H., Will, C.L., Giet, R., Urlaub, H., and Luhrmann, R., 2010). Our findings of similar
circadian behavioral effects caused by loss of any of several tri-snRNP components strongly
implicate the tri-snRNP complex in circadian regulation (Table 2.2). It remains to be established
how the decreased abundance of tri-snRNP components triggers changes in alternative splicing.
We hypothesize that tri-snRNP level/activity is limiting for a subset of AS reactions, likely the ones
with weaker splice sites. This hypothesis is supported by two recent studies reporting that (1)
Prp4 in fission yeast is necessary to recognize and splice the introns with weak splice sites
(Eckert, D., et al., 2016) and (2) decreased availability of mammalian Prpf8 leads to the selective
retention of introns that harbor weak 5’ splice sites (Wickramasinghe, V.O., et al., 2015).
We speculate that tri-snRNP components constitute a well-conserved regulatory module
for circadian clocks. Conservation of the circadian role of tri-snRNP is suggested by several
findings. First, the human homolog of PRP4 was identified as a hit in a genome-wide RNAi
screen for regulators of the circadian clock (Zhang, E.E., et al., 2009). Secondly, SM-like (LSM)
proteins that are associated with U6 snRNP were recently shown to regulate circadian rhythmicity
in both Arabidopsis and in mammalian cell culture (Perez-Santangelo, S., et al., 2014). Finally,
some tri-snRNP components (Prpf8, Prpf31 and SART1) physically associate with mammalian
PER2 complexes, further highlighting potential cross-talk between central clock components and
the tri-snRNP (Kim, J.Y., Kwak, P.B. & Weitz, C.J., 2014).
Although AS has been implicated in the regulation of circadian clocks, it has not been
linked to clock function in the manner we report here. In Neurospora crassa, the ratio of
alternatively spliced frequency (frq) isoforms determines the robustness of circadian rhythmicity
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and fine-tunes the period length (Garceau, N.Y., Liu, Y., Loros, J.J., and Dunlap, J.C., 1997; Liu,
Y., Garceau, N.Y., Loros, J.J. & Dunlap, J.C., 1997). In Arabidopsis thaliana, AS regulates the
circadian clock by multiple mechanisms, such as the production of new isoforms that
competitively inhibit functional clock proteins (Seo, P.J., et al., 2012) and the modulation of clock
RNA levels via the nonsense-mediated decay (NMD) pathway (James, A.B., et al., 2012; Kwon,
Y.J., Park, M.J., Kim, S.G., Baldwin, I.T. & Park, C.M., 2014). In Drosophila, the alternative
splicing regulator SR-related matrix protein of 160 kDa (SRm160) modulates PER levels locally in
the pacemaker neurons to regulate circadian rhythms (Beckwith et al., 2017). The key theme that
emerges from these studies is that AS acts directly on core clock components to set their levels.
Alternatively, splicing mechanisms could regulate diurnal rhythmicity of neuronal excitability, as
proposed for splicing of BK channels in the suprachiasmatic nucleus (Shelley, C., Whitt, J.P.,
Montgomery, J.R. & Meredith, A.L. 2013).
Our study identifies a novel splicing event in tim that can regulate TIM levels in both cell
culture and in flies (Figure 2.5). How does the splicing affect TIM levels? It is unlikely that the
retention of tim-tiny leads to NMD-mediated RNA decrease because the flies with prp4
downregulated do not have reduced tim levels (Figure 2.4 -

figure supplement 1). On the

contrary, overall tim RNA levels tend to be increased in those flies. Additionally, expression of tim
cDNA constructs with constitutively retained tim-tiny (Figure 2.5) decreases TIM levels without
altering tim mRNA levels (data not shown). Therefore, we suggest that it is either the tim mRNA
translation step or the stability of the truncated TIM isoform, TIMtiny, produced by tim-tiny that is
sub-optimal. The 267 amino acids at the C-terminus of TIM that are predicted to be lost in TIMtiny
include a putative cytoplasmic localization signal (Saez, L., Derasmo, M., Meyer, P., Stieglitz, J. &
Young, M.W., 2011) as well as a predicted threonine phosphorylation site (Bodenmiller, B., et al.,
2007), both of which could significantly change stability and function of TIM. Notably, TIMtiny is
typically not detected in western blots of TIM expression in flies, so it appears that tim-tiny
retention serves only to reduce the amount of tim RNA that can effectively produce protein.
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While studying the effect of tim-tiny retention in isolation can give us a quick snapshot of
its importance, overall splicing of tim is considerably more complex. In parallel to tim-tiny, in this
study we examined the splicing profile of a previously reported tim-cold intron (Boothroyd, C.E.,
Wijnen, H., Naef, F., Saez, L. & Young, M.W., 2007). Cycles of tim-tiny and tim-cold intron
retention are similar under light:dark and constant dark conditions (Figure 2.6), but temperature
cycles have different effects on the splicing of these two introns. tim-tiny intron retention
increases with hot temperature, whereas tim-cold intron retention increases at the onset of the
cold cycle (Figure 2.6). Also, tim-cold retention does not cycle in temperature cycles in LL,
suggesting that it does not contribute to rhythmicity under these conditions. tim-tiny intron is
upstream of tim-cold, which means that tim-tiny retention should lead to TIM downregulation
regardless of the splicing decision at the tim-cold locus. Following differential splicing at tim-tiny
locus, tim-cold could get either retained or spliced, introducing an additional regulatory layer. The
interplay of AS at the level of these two introns can produce a range of TIM isoforms, the roles of
which remain to be elucidated, particularly with respect to temperature entrainment.
In Drosophila, splicing of D. melanogaster per intron 8 (dmip8), the intron located in the 3’
untranslated region (UTR) of per, is regulated by both light and temperature (Majercak, J., Sidote,
D., Hardin, P.E., and Edery, I., 1999; Majercak, J., Chen, W.F., and Edery, I., 2004; Collins, B.H.,
Rosato, E., and Kyriacou, C.P., 2004). This splicing mechanism allows flies to delay their evening
behavior during long photoperiods and/or high temperatures, and might play a role in seasonal
adaptation. On a molecular level, dmip8 retention delays per mRNA and PER protein
accumulation. While dmip8 retention was not identified in our initial RNA-Seq data
(Supplementary File 3 and 4), our follow up qPCR splicing analysis suggested that PRP4
modestly regulates per splicing (Figure 2.4 – figure supplement 2C). dmip8 retention has a small
effect on the free-running period length (~25 hour period) (Cheng, Y., Gvakharia, B., and Hardin,
P.E., 1998; Majercak, J., Sidote, D., Hardin, P.E., and Edery, I., 1999), but it cannot fully account
for the period lengthening phenotype we report for flies with downregulated prp4 (Figure 2.1A-B;
Table 2.2).
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Studies in Arabidopsis suggest that the expression of a number of tri-snRNP components
is regulated by the circadian clock (Perez-Santangelo, S., Schlaen, R.G. & Yanovsky, M.J.,
2012). In Drosophila, recent profiling of mRNA cycling in different neuronal clusters detected prp4
mRNA oscillations in DN1 clock neurons and brr2 cycling in LNvs (Abruzzi, K. L., et al., 2017).
While these RNA-Seq findings have not been verified through other approaches, they lead us to
hypothesize that diurnal oscillations in tri-snRNP components drive circadian splicing of tim
(Figure 2.6) and potentially other circadian output genes locally in specific clock neurons. This
hypothesis is further strengthened by another recent report (Wang, Q., Abruzzi, K.C., Rosbash,
M. & Rio, D.C., 2018) that suggests heterogeneous alternative splicing profiles for different
circadian neuronal groups. In addition to changes in total levels of PRP4, circadian regulation of
its kinase activity could contribute to differential splicing of tim over the course of the day. We
establish a role for PRP4 in LNvs, the key pacemaker cluster necessary for the maintenance of
circadian cycles under constant dark conditions (Figure 2.1). However, based on our findings that
splicing of tim is regulated by temperature and persists in constant light (Figure 2.6), we
speculate that PRP4 also functions in DN1s, clock cells implicated in temperature sensing and
entrainment (Yadlapalli, S., Jiang, C., Bahle, A., Reddy, P., Meyhofer, E. & Shafer, O.T., 2018;
Zhang, Y., Liu, Y., Bilodeau-Wentworth, D., Hardin, P.E. & Emery, P., 2010). In summary, while
much of the focus in the circadian field has been on transcriptional or post-translational control,
our findings indicate a critical role for alternative splicing, perhaps in a cell-type-specific manner.
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Figures
Figure 2.1. Pre-mRNA splicing factor 4 is a new regulator of the circadian clock

(A) Representative activity records of free-running fly behavior upon downregulation of prp4 in
tim+ neurons. Dicer2 (Dcr2) was co-expressed with the RNAi transgenes to increase the
knockdown efficiency. Genotypes are indicated on top of each panel. The gray and black bars
indicate the subjective day and night, respectively. (B) The lengthening of free-running circadian
period is significant for 2 independent prp4 RNAi lines (GD and KK). ****p ≤ 0.0001 relative to
heterozygous controls by one-way ANOVA and Tukey’s post hoc test, n=8-24. (C)
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Downregulation of prp4 in tim+ cells affects morning and evening anticipation in 12h:12h
light:dark (LD) conditions. The activity profile of control (TUG; Dcr2/+) flies is in black, while the
activity profile of experimental (TUG; Dcr2>prp4RNAi (GD)) flies is in red. The white and black bars
indicate light and dark conditions, respectively. *p≤0.05, ***p≤0.001,****p≤0.0001 to control (TUG;
Dcr2/+) for each ZT range by two-way ANOVA and Sidak’s post hoc test. Data represent mean
+/- SEM (n=31-32). (D) Activity records demonstrate 7 days of representative free-running
rhythms of prp4 knockdown flies. Dicer2 (Dcr2) was co-expressed with the RNAi transgenes to
increase the knockdown efficiency. Genotypes are indicated on top of each panel. The gray and
black bars indicate the subjective day and night, respectively. (E) Knockdown of prp4 in LNv
pacemaker cells causes complex behavioral periods (p<0.0001 by χ2 analysis, n=19-38). (F, G)
Knockdown of prp4 in LNvs lengthens circadian period and decreases rhythm strength. n.s., not
significant at the 0.05 level, **p≤0.01, ****p≤0.0001 to control (pdfG4; Dcr2/+) by one-way
ANOVA and Holm-Sidak’s post hoc test. Only rhythmic flies (FFT>0.01) were analyzed (n=9-22).
In panels (B), (F) and (G), the boxes extend from the 25th to 75th percentiles, the line within the
box is plotted at the median and whiskers extend from the lowest to highest value.
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Figure 2.2. PRP4 is required for robust TIM and PER cycling

(A, B) Cycling of PER and TIM is disrupted in s-LNvs of prp4 knockdown flies. Adult brains were
dissected at time points indicated and immunostained with PER or TIM (green), PDF (magenta)
and LaminC (blue) antibodies. Dicer2 (Dcr2) was co-expressed with the prp4 RNAi transgene to
increase its knockdown efficiency. Genotypes are indicated on the sides of each panel. The
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displayed images are representative of 2-3 independent experiments. (C) Corrected Total Cell
Fluorescence (CTCF) was used to quantitatively assess the change in levels of PER and TIM in
s-LNvs. The signal from both the nucleus and the cytoplasm was used to calculate CTCF. 10-21
cells from 5-8 brains were analyzed for ZT2, ZT14 and ZT20 and 8-10 cells from 3-5 brains for
ZT8. Images were taken with identical confocal settings. *p≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 to
control (TUG;Dcr2/+) for each ZT time point as determined by two-way ANOVA and Sidak’s post
hoc test. Error bars = +/- SEM. (D) PER phosphorylation is decreased and cycling of TIM is
blunted in fly heads with pan-neuronal knockdown of prp4. Dicer2 (Dcr2) was co-expressed with
the prp4 RNAi transgene to increase its knockdown efficiency. Adult fly heads were collected at
indicated zeitgeber (ZT) time points in a 12h:12h light:dark cycle. Representative western blots
probed for PER (right) or TIM (left) are shown. HSP70 was used as a loading control. (E) Total
PER and TIM levels were quantified from western blots in (D). JTK cycle analysis identified
significant cycling (pJTK ≤ 0.01) for control (elavGal4; Dcr2/+) and not significant (n.s, at the 0.05
level) cycling for samples with pan-neuronal prp4 knockdown. Data represent mean +/- SEM (n=
2-3 independent experiments).
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Figure 2.2 – figure supplement 1. prp4 downregulation delays night-time accumulation of
PER in nuclei of s-LNvs

The ratio of nuclear to total PER levels indicates reduced nuclear accumulation of PER at night
upon prp4 knockdown with 2 RNAi lines, KK (B) and GD (C), relative to control (A). Corrected
Total Cell Fluorescence (CTCF) was used to quantify both the total (cytoplasm+nucleus) and the
nuclear PER levels in s-LNvs at indicated ZT time points. 15-17 cells (A), 14-17 cells (B) or 811cells (C) from at least 4 brains were used for quantification. Dicer2 (Dcr2) was co-expressed
with the prp4 RNAi transgene to increase its knockdown efficiency. Images were taken with
identical confocal settings. n.s., not significant at the 0.05 level, p* ≤ 0.05, p** ≤ 0.01, p*** ≤ 0.001
to control (TUG;Dcr2/+) as determined by two-way ANOVA and Sidak’s post hoc test. Error bars
= +/- SEM.
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Figure 2.2 – figure supplement 2. prp4 is efficiently knocked down with the GD RNAi line

Pan-neuronal knockdown of prp4 decreases mRNA levels of prp4 as calculated with Student’s t
test, p** ≤ 0.01. Dicer2 (Dcr2) was co-expressed with the prp4 RNAi transgene to increase its
knockdown efficiency. Three independent qPCR experiments were performed in triplicate,
normalized to rp49 and analyzed using the ∆∆Ct method. Error bars=SEM.
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Figure 2.3. PRP8 regulates TIM levels and the strength of rest:activity rhythms

(A) TIM levels are decreased in s-LNvs of prp8 knockdown flies. Adult brains were
dissected at ZT14 and ZT20 on the 4th day in LD cycle and immunostained with TIM
(green), PDF (magenta) and LaminC (blue) antibodies. Genotypes are indicated on the
sides of each panel. Displayed images are representative of 2 independent experiments.
(B) Trans-heterozygous prp8/brr2 mutants have weaker circadian rhythms compared to
their heterozygous controls, p* ≤ 0.05, p** ≤ 0.01, p*** ≤ 0.001 by one-way ANOVA, Tukey
post hoc test. All FFT value were used in the analysis, including the arrhythmic ones
(FFT<0.01). Error bars represent mean +/- SEM (n=17-36). Figure 2.3 is related to Table
2.2.
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Figure 2.4. PRP4 regulates tim splicing
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(A) Only 5 genes were identified as differentially spliced upon prp4 downregulation with both
CASH and Cufflinks/differential psi (percent spliced in) pipelines. For each gene, the
corresponding p-value and False Discovery Rate (FDR) or q-value as determined by BenjaminiHochberg (BH) procedure are reported. (B) tim isoforms (image adapted from Ensembl Fruitfly
release 92, genome assembly BDGP6) are displayed. The boxes indicate exons, with filled boxes
(brown) representing protein-coding sequences. The region of interest is enlarged (blue box) and
depicts a constitutively spliced intron (‘ctrl’) and the intron that gets retained upon prp4
knockdown (‘tim-tiny’). The chromosomal coordinates of these introns are indicated at their
respective exon-intron junctions. (C) tim-tiny retention was revealed by RNA-Seq analysis in
samples with prp4 downregulated (GMR>prp4RNAi). The number of RNA-Seq reads across the
tim-tiny intron normalized to the number of reads across the ctrl intron is higher in prp4
knockdown flies (GMR>prp4RNAi) compared to controls (GMR/+). Data represent five independent
biological replicates. Error bars represent mean +/- SEM. *p ≤ 0.0001 as determined by CASH
(refer to panel A). (D) An increase in intron retention in flies with pan-neuronal prp4 knockdown
was confirmed with qPCR analysis. Dicer2 (Dcr2) was co-expressed with the prp4 RNAi
transgene to increase its knockdown efficiency. Data represent four independent biological
replicates, with technical triplicates performed during the qPCR step for each replicate. **p ≤ 0.01
to control (elavGal4; Dcr2/+) as determined by Student’s t test. Data represent mean +/- SEM.
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Figure 2.4 – figure supplement 1. Pan-neuronal knockdown of prp4 increases tim expression

per and Clk expression is unchanged while tim expression is increased at night (ZT16-ZT0) in the
heads of flies with pan-neuronal prp4 downregulation (elavGal4; Dcr2>prp4RNAi (GD)) as
compared to control (elavGal4; Dcr2/+); p* ≤ 0.05, p**** ≤ 0.001 by by two-way ANOVA and
Sidak’s post hoc test. Three independent qPCR experiments were performed in triplicates,
normalized to rp49 and analyzed using the ∆∆Ct method. Error bars=SEM.
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Figure 2.4 – figure supplement 2. Analysis of the splicing of tim-tiny, tim-cold and per
introns

(A) Schematic for qPCR-based analysis of tim-tiny splicing. Arrows indicate forward and reverse
primers. Exons are depicted as boxes and introns are shown as lines. (B) On the left,
normalization of the tim-tiny ‘retained’ signal to ‘exon’ primer signal verifies the increased tim-tiny
retention in elavGal4; Dcr2>prp4-RNAi (GD) flies (red) compared to elavGal4; Dcr2/+ flies (black).
On the right, no difference is detected between the non-exon-spanning (‘exon’) and exonspanning (‘total’) tim primer sets. Data represent 3-4 biological replicates, with technical triplicates
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performed during the qPCR step for each biological replicate. p** ≤ 0.01 by two-way ANOVA and
Sidak’s post hoc test. (C) Diurnal profiles of tim-tiny, tim-cold and per intron retention in control
(elavGal4; Dcr2/+) and prp4 loss-of-function (elavGal4; Dcr2>prp4-RNAi (GD)) flies were assayed
with qPCR and expressed as a ratio of retained to spliced introns at indicated ZT time points.
Data represent 3-4 biological replicates, with technical triplicates performed during the qPCR step
for each biological replicate. p* ≤ 0.05, p*** ≤ 0.001, p**** ≤ 0.001 by two-way ANOVA and
Sidak’s post hoc test.
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Figure 2.5. Intron retention in tim decreases TIM levels and affects circadian behavior

(A) Schematic depiction of three tim cDNA constructs used to assess the effect of tim-tiny
retention (red block) on TIM levels. (B) Retention of tim-tiny intron decreases full-length TIM and
leads to production of a minor TIMtiny isoform. S2 cells were transfected with constructs described
in (A) and western blots of cell lysates were probed with TIM antibody. Western blots are
representative of 3 independent experiments. In the panels on the left, total levels of TIM isoforms
upon expression of splice-specific cDNA constructs were quantified. TIM levels were normalized
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to HSP70 and expressed relative to the TIMfull levels in cells overexpressing a fully spliced (timspliced) construct. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 by one-way ANOVA and
Holm-Sidak’s post hoc test. Data represent mean +/- SEM (n=3). (C) Western blots of head
lysates of flies overexpressing tim cDNA with a 5’ splice site mutation in tim-tiny (TUG; Dcr2>timretained+ssM) reveal production of TIMtiny (arrow) and decrease in TIMfull compared to flies
overexpressing intronless tim cDNA (TUG; Dcr2>tim-spliced) or tim cDNA that includes tim-tiny
((TUG; Dcr2>tim-retained). All flies were collected at ZT10, when endogenous TIM levels are low
in control flies (TUG; Dcr2/+). Western blots are representative of 4 independent experiments. (D)
Flies overexpressing tim cDNA constructs with 5’ splice site mutation (TUG; Dcr2>timretained+ssM) do not lengthen circadian period. n=6-26; n.s., not significant at the 0.05 level;
****p ≤ 0.0001 to control (TUG; Dcr2/+) by one-way ANOVA and Tukey’s post hoc test. “(E) TUGdriven expression of tim cDNA, with both ‘tim-spliced’ and ‘tim-retained’ constructs, rescues
circadian rhythms in tim0 flies. n.s., not significant at the 0.05 level, **p ≤ 0.01, ****p ≤ 0.0001 by
pairwise Fischer’s exact test (n=28-41). (F) TUG-driven rescue of tim0 circadian rhythms with tim
cDNA lacking tim-tiny (tim0,TUG>tim-spliced) results in shorter periods than with tim cDNA that
includes tim-tiny (tim0,TUG>tim-retained). ***p ≤ 0.001 by Student’s t test, n=10-22.
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Figure 2.6. tim splicing is regulated by the clock and by temperature

Flies were entrained for at least 3 days in 12h:12h light:dark (LD) conditions and collected in LD
(A) or on the first day of transfer to constant darkness (B) at indicated ZT or CT time points,
respectively. Splicing of tim-tiny and tim-cold introns was quantified as a ratio of retained to
spliced levels using qPCR analysis. Three independent qPCR experiments were performed in
triplicate, normalized to rp49 and analyzed using the ∆∆Ct method. pJTK indicates cycling as
assessed by JTK cycle analysis for wild-type iso31 flies (black) and per01 circadian mutants (red).
tim-tiny intron retention is increased in LD at ZT8 (A) as calculated by two-way ANOVA and
Sidak’s post hoc test, p** ≤ 0.01.
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Wild-type iso31 flies were collected at indicated ZT time points after at least four full days of
entrainment in 12h:12h 30C:25C temperature cycles in constant dark (C) or constant light (D)
conditions. Splicing of tim-tiny and tim-cold introns was quantified as a ratio of retained to spliced
levels using qPCR analysis. Three independent qPCR experiments were performed in triplicate,
normalized to rp49 and analyzed using the ∆∆Ct method. pJTK indicates cycling as assayed by
JTK cycle analysis. Error bars=SEM.
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Figure 2.7. Alternative splicing of the tim-tiny intron promotes oscillations of TIM levels

The model depicts how retention of the tim-tiny intron, which is increased upon downregulation of
prp4, regulates TIM cycling. Both the circadian clock (A) and temperature cycles (B) regulate
retention of the tim-tiny intron. (A) Increased retention of tim-tiny during the subjective day (light
gray) in dark:dark (DD) conditions serves to decrease TIM levels and delay the accumulation of
TIM in the absence of light. (B) Higher temperatures, typically associated with daytime hours,
increase tim-tiny retention. Temperature cycles can maintain clock function under constant light
conditions (LL), which would otherwise disrupt the clock. Entrainment by temperature appears to
be driven by a reduction of TIM protein at the higher temperature (Yoshii, T., et al., 2005). We
propose that under temperature cycles, retention of tim-tiny sets the levels of TIM and contributes
to maintenance of the molecular clock.
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Tables
Table 2.2 Free-running locomotor behavior of flies expressing RNAi against tri-snRNP
components
rhythmicitya period

power

(%)

(hours +/- SEM)

(FFT+/- SEM)

35

100%

23.80 (0.06)

0.11 (0.01)

pdfGal4, Dcr2/+

19

100%

24.06 (0.06)

0.10 (0.01)

elavGal4; Dcr2/+

30

97%

23.59 (0.33)

0.06 (0.03)

+/prp4RNAi (GD)

16

100%

23.62 (0.06)

0.09 (0.01)

+/prp4RNAi (KK)

16

100%

23.32 (0.05)

0.13 (0.01)

+/prp3RNAi (GD)

10

100%

23.73 (0.06)

0.10 (0.01)

+/prp3RNAi (KK)

15

100%

23.45 (0.06)

0.12 (0.01)

+/prp8RNAi (GD)

15

100%

23.64 (0.07)

0.11 (0.01)

+/prp31RNAi (KK)

13

100%

23.35 (0.06)

0.12 (0.04)

+/brr2RNAi (KK)

16

100%

23.47 (0.06)

0.11 (0.01)

TUG; Dcr2>prp4RNAi (GD)

34

71%b

26.55 (0.29)c

0.09 (0.01)

TUG; Dcr2>prp4RNAi (KK)

40

45%b

29.47 (0.48)c

0.09 (0.01)

TUG; Dcr2>prp3RNAi (GD)

11

100%

27.45 (0.49)c

0.08 (0.02)

TUG; Dcr2>prp3RNAi (KK)

33

0%b

-

-

TUG; Dcr2>prp8RNAi (GD)

30

23%b

28.00 (1.02)c

0.02 (0.01)c

TUG;Dcr2>prp31RNAi (KK)

17

88%

25.33 (0.19)c

0.06 (0.01)e

TUG;Dcr2>brr2RNAi (KK)

24

0%b

-

-

pdfGal4, Dcr2>prp4RNAi (GD)

30

90%

25.85 (0.32)c

0.06 (0.01)f

pdfGal4, Dcr2>prp4RNAi (KK)

38

97%

24.81 (0.32)c

0.09 (0.02)

elavGal4; Dcr2>prp4RNAi (GD)

27

52%b

24.54 (0.14)d

0.03 (0.02)g

genotype

n

TUG; Dcr2/+

a

Flies with FFT value > 0.01 are considered to be rhythmic.
p<0.001 compared to both of the heterozygous controls, by χ2 analysis.
c
p<0.001 compared to both of the heterozygous controls, by Student’s t test.
d
p<0.001 compared to RNAi control but not significant (p>0.05) compared to elavGal4; Dcr2/+
control, by
Student’s t test.
b
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e

p<0.01 compared to TUG; Dcr2/+ control but not significant (p>0.05) compared to RNAi
control, by Student’s t test.
f
p<0.01 compared to pdfGal4; Dcr2/+ control and p<0.05 compared to RNAi control, by
Student’s t test.
g
p<0.05 compared to RNAi control but not significant (p>0.05) compared to elavGal4;
Dcr2/+ control, by Student’s t test. Note: Table 2.2 is related to Figure 3.
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CHAPTER 3: RETINITIS PIGMENTOSA IS ASSOCIATED WITH CIRCADIAN
DYSREGULATION IN MULTIPLE TISSUES
Iryna Shakhmantsir, Wanting Shu, Dechun Chen, Joshua L. Dunaief, Amita Sehgal
Abstract
Circadian clocks regulate multiple physiological processes in the eye but their
requirement for retinal health remains unclear. We previously showed that Drosophila homologs
of spliceosome proteins implicated in human retinitis pigmentosa (RP), the most common
genetically-inherited cause of blindness, have a role in the brain circadian clock. In this study, we
identified novel circadian phenotypes in a mouse model of human RP. We found that mice with a
homozygous H2309P mutation in Pre-mRNA splicing factor 8 (Prpf8) display lengthened
circadian wheel-running activity. We show also that the diurnal cycling of circadian gene
expression is dampened in the retina of Prpf8-H2309P mice. Our observations link the circadian
clock to retinal health and suggest a possible contribution of circadian disruption to degeneration
in the retina.

Introduction
The vertebrate eye is both a visual organ and a sensor that relays light inputs into the
brain to entrain and reset the central circadian oscillator in the suprachiasmatic nucleus (SCN).
Multiple tissues of the eye have cell-autonomous circadian clocks, which temporally
compartmentalize function and allow anticipation of daily light transitions associated with dusk
and dawn (McMahon et al., 2014). While most cycling genes in the eye are light-driven, a
sizeable number of transcripts (~300) cycle in constant darkness under the control of circadian
clocks (Storch et al., 2007). Functions under circadian control in the retina include melatonin
release (Tosini and Manaker, 1996), dopamine synthesis and secretion (Doyle et al., 2002;
RIbelayga et al., 2004), gamma-aminobutyric acid (GABA) turnover and release (Jaliffa et al.,
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2001), phagocytosis of photoreceptor outer segments (Goldman et al., 1980; Teirstein et al.,
1980; LaVail, 1980; Grace et al., 1996), contrast sensitivity (Hwang et al., 2013), extracellular pH
(Dmitriev and Mangel, 2001), intraocular pressure (Boyd and McLeod, 1964; Rowland et al.,
1981), visual sensitivity (Walker and Olton, 1979; Bassi and Powers, 1986) and rod-cone
electrical coupling (Ribelayga et al., 2008).
The mammalian circadian clocks consist of a transcription-translation loop in which
transcription factors Bmal1 and Clock drive the expression of Period (Per1-2) and Cryptochrome
(Cry1-3) genes (Ko and Takahashi, 2006). Per and Cry proteins negatively regulate Bmal1/Clock
to establish a feedback loop that drives the circadian expression of hundreds of genes
downstream of Bmal1/Clock. Mice with mutations in core circadian factors display behavioral
phenotypes as well as a range of eye phenotypes that are difficult to reconcile. Loss of Per1/Per2
leads to subtle morphologic changes in the retina, largely attributed to developmental defects,
while no phenotypic alterations are observed for Cry1/Cry2 double knockout mutants (Ait-Hmyed
et al., 2013; Selby et al., 2000). Adult-specific Bmal1 knockout mice display corneal
neovascularization, inflammation and keratinization (Yang et al., 2016). Clock knockouts develop
cataracts (Dubrovsky et al., 2010). Because both Bmal1 and Clock are general transcription
factors that regulate the expression of multiple genes in the eye, it is unclear if the reported eye
pathologies can be exclusively attributed to the circadian aspect of Bmal1/Clock function. Thus,
while multiple processes in the eye are circadian, the requirement of functional circadian clocks
for retinal health remains uncertain (Felder-Schmittbuhl et al., 2018).
Retinitis pigmentosa (RP) is the most commonly inherited form of progressive retinal
degeneration, affecting 1 in 3000-7000 people worldwide (Ferrari et al., 2011). While RP is a
vastly heterogenous disease with more than 80 genes currently implicated, the symptoms
common to all RP types involve night blindness that first progresses to tunnel vision and then to
legal or complete blindness (Ferrari et al., 2011; Verbakel et al., 2018). The progression of
disease is explained by the initial death of rods, which subsequently triggers the degeneration of
cones, resulting in complete blindness. The onset and penetration of disease varies depending

65

on the causal genetic lesion. However, even individuals with the same RP mutations can have
different phenotypes, indicating an important role for modifier loci and/or epigenetic factors in this
disease (Ferrari et al., 2011).
While the majority of RP mutations were mapped to genes implicated in the visual cycle,
such as Rhodopsin, a class of RP is caused by mutations in U4/U6.U5 triple small nuclear
ribonucleoprotein (tri-snRNP) components that form a well-conserved regulatory unit of the
spliceosome (Verbakel et al., 2018). Interestingly, tri-snRNP spliceosome factors were recently
shown to regulate circadian clocks in Drosophila melanogaster (Shakhmantsir et al., in press).
Additionally, both Prpf4 and SM-like (LSM) genes, that associate with U6 snRNP, regulate
circadian rhythms in cultured osteosarcoma cells (Zhang, E.E., et al., 2009; Perez-Santangelo,
S., et al., 2014). Because of this emerging connection between the U4/U6.U5 tri-snRNP and the
circadian clocks, we sought to determine if human RP-causing mutations in U4/U6.U5 splicing
factors are associated with circadian phenotypes, in particular in the eye.
For our studies we utilized two previously characterized mouse models of human RPmutations: Prpf3-T494M and Prpf8-H2309P (Graziotto et al., 2011). We identified a long period
circadian phenotype in the wheel-running activity of Prpf8-H2309P mice. Additionally, the
circadian output of the retina of Prpf8-H2309P mice was dampened as revealed by diurnal
profiling of selected clock gene transcripts in the isolated retina. We also report effects of a jetlag
paradigm of circadian disruption on We propose that rhythm dampening in the retina underlies
some of the previously reported phenotypes in Prpf8-H2309P mice, in particular the disrupted
rhythm in phagocytosis of photoreceptor outer segments (Graziotto et al., 2011; Farkas et al.,
2014).
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Methods
Mice husbandry and genotyping
Prpf3 knockin mice bearing the p.T494M missense mutation found in RP18 patients (Prpf3T494M, and Prpf8 knockin mice with the p.H2309P missense mutation found in RP13 (Prpf8H2309P) were obtained from Eric Pierce and have been characterized in Graziotto et al., 2011.
Genotyping primers were used as in Graziotto et al., 2011. For Prpf3-T494M mice, the forward
primer was 5′-CTCATTCATTGGCATTAAAAATAAATAAACTCC-3′ and the reverse primer was 5′CGTTGGCCTCTTCATGCGCTCTGTCGTGAC-3′. The PCR product was digested with Xmn1
and the presence of a ~650bp band signified the mutant allele. Prpf8-H2309P mice were
genotyped with the forward primer 5′-CCAGACAAGCTGCTGACATTCAGCAGTC-3′ and the
reverse primer 5′-TAGAGCTGTAAGTGGTCACTTCAGGC-3′. The mutant allele was identified by
the presence of a band 400 bp larger than the wild-type one.
Mice were housed in group cages with water and food ad libitum in 12h-light:12 h-dark
cycles unless otherwise specified. The lights inside the cages in the mouse colony room provided
~20-50 lux intensity of white light. All procedures were approved by the University of
Pennsylvania Institutional Animal Care and Use Committee.
Wheel running set-up, recording and data analysis
To test SCN-driven circadian rhythms, we stably entrained Prpf3-T494M and Prpf8-H2309P mice
in shared cages under 12h-light:12h-dark conditions for 3 weeks. Next, these mice were
transferred to individual cages with running wheels and sensors that could track the wheel
revolutions. Activity records of wheel-running activity were generated for 2 weeks’ worth of data,
and analysis was performed using Clocklab/Matlab.
Eye dissection and tissue collection
Mice were entrained in 12h-light:12h-dark conditions for 3 weeks and were sacrifices by cervical
dislocation at ZT1, ZT7, ZT13 and ZT19. Eyes were immediately removed (note: only 1 eye per
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2+

mouse was used) and placed into a solution of 1X Hanks’ balanced salt solution with Ca
2+

Mg

and

(HBSS+) (Invitrogen) kept at room temperature. The retina and the eye cup (RPE, choroid,

Bruch’s membrane) were dissected in HBSS+ solution under a dissecting microscope. First, fat
and muscle tissues around the eye ball were cleaned. Next, the iris and the lens were removed.
The retina was detached from the eye cup and the retina and eye cup samples were frozen
immediately and separately on dry ice. All tissue sampled were stored at -800C until the RNA
isolation step.
RNA isolation and real-time quantitative PCR
Mouse retina and eye cup samples were collected in individual RNAse-free tubes on dry ice at
ZT1, ZT7, ZT13 and ZT19 and stored at -800C until all of the time points were collected (within 24
hours). Within 1 week of their initial collection, the samples were homogenized with TRIzol
(ThermoFischer) on ice with a RNAase-free pestle. Following the phase separation, the aqueous
phase was transferred into a new tube, mixed with an equal volume of 70% ethanol and loaded
directly onto the RNeasy mini kit columns (Qiagen). The rest of the RNA isolation was done
according to the manufacturer’s protocol. On-column DNase digestion (Qiagen) for 15 minutes at
RT was always included. cDNA was generated with Superscript II (Invitrogen), according to the
manufacturer’s protocol. Quantitative RT-PCR reaction was performed in a ViiA7 Real-Time PCR
system (Applied Biosystems) using SYBR Green Master Mix (Applied Biosystems) with gene
specific

primers.

Per2:

F(5’-3’):

GTCCACCTCCCTGCAGACAA,

R(5’-3’):

TCATTAGCCTTCACCTGCTTCAC; Rev-erb a: F(5’-3’): GCTCCATCGTTCGCATCAAT, R(5’-3’):
CTAGAGGGCACAGGCTGCT;

Cry1:

CGCCAGCCTCAGTAGCCAG;

Tim:

CCAAATCGAGAGTGCCTGTTTC;

F(5’-3’):
F(5’-3’):

Rorb:

GCCAGCTGATGTATTTCCCAG,

R(5’-3’):

GTTCCGAGACCAGACCCCTGA,

R(5’-3’):

F(5’-3’):

CCTGGCTGATCGAACCAAG,

R(5’-3’):

TGCAGACTGCCGTGATAG; MerTK: F(5’-3’): TGACTCCTTGGAAGACTCTGAAG, R(5’-3’):
CTTGAAGATTGCCTTGGTCAT;

36B4:

F(5’-3’):

TCCAGGCTTTGGGCATCA,

R(5’-3’):
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CTTTATCAGCTGCACATCACTCAGA. ΔΔCt method was used to calculate relative gene
expression across the day. 36B4 was used as normalization control.
Jetlag protocol
Mice were randomly assigned either to the control or to the jetlag condition. In both of the
cabinets the light intensity was set at 650-750 lux (when measured inside the mouse cage) to
increase the baseline levels of retinal degeneration. The jet lag protocol is schematized in
Supplementary Figure 3.1. Because during the 6-day-long jet lag protocol mice were cumulatively
exposed to more light than dark hours, the light conditions in the control cabinet were adjusted
from the standard 12h-light:12h-dark to 14h-light:10h-dark before the start of the experiment. This
ensured that the mice in the jetlag and the control conditions were exposed not only to the similar
amount but also to the similar total duration of light exposure. Mice were 1.5-6 months old at the
time of their placement into entrainment cabinets. All the mice were kept in the cabinets for 85-87
days prior to OCT measurements.
Optical coherence tomography (OCT) measurements
Mice were anaesthetized by intraperitoneal injection of ketamine 80 mg/kg (Par Pharmaceutical,
Spring Valley, NY, USA), xylazine 10 mg/kg (Lloyd Inc., Shenandoah, IA, USA) and
acepromazine 2 mg/kg (Boehringer Ingelheim Vetmedica, Inc, St. Joseph, MO, USA). Eyes were
kept hydrated by Refresh Tears Lubricant Eye Drops. Eyes to be analyzed were dilated with 1%
tropicamide saline solution (Akorn Inc.,Lake Forest, IL, USA). One eye drop was applied for 2
minutes, then wiped off and a new eye drop was applied, every 2 minutes for 6 minutes prior to
analysis. The mouse was placed in a bore and the probe was oriented as per standard OCT
technique. Scans were carried out using a Broadlight 7870 OCT machine (Bioptogen Inc.,
Durham, NC). Qualitative analysis of the scans was performed. Mice were sacrificed by cervical
dislocation following OCT.
Fundus imaging and fluorescein angiography
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In vivo fundus imaging was taken after OCT. Mice under anesthesia with dilated pupils were
placed on a medal stage. Fundus images were acquired with a fundus camera (Micron III,
Phoenix Research Laboratories, Inc., Pleasanton, CA, USA). Once fundus imaging was finished,
the fundus camera was turned to the fluorescence channel. Mice were injected with 100μL 2.5%
fluorescein (Sigma-Aldrich, St Louis, MO, USA) intraperitoneally and images were captured at
several time points on both retinas.
Quantification and statistical analysis
The statistical parameters are included in the legends of each figure. JTK_CYCLEv3.1 (Hughes
et al., 2010) was run in R for circadian statistical tests. GraphPad Prism was used for all other
statistical analyses.

Results
The period of circadian wheel running activity is lengthened in Prpf8KI-H2309P mice
Our previous findings implicated U4/U6.U5 spliceosome components, prp4 in particular,
in the regulation of circadian rhythms of rest:activity in Drosophila (Shakhmantsir et al., in press).
To determine if the circadian behavioral role of U4/U6.U5 tri-snRNP is conserved in mammals,
we sought to use mouse models mutant for these genes. Given that components of U4/U6.U5 trisnRNP are essential genes required for development, we were not able to obtain viable
homozygous mutants and the heterozygous mutants (other than Prpf31-/+ mice) are often
phenotypically normal (Graziotto et al., 2008; Bujakowska et al., 2009).

Instead, we took

advantage of the mouse models of human RP that were generated in the laboratory of Eric Pierce
(Graziotto et al., 2011) to understand how Prpf3-T494M and Prpf8-H2309P knockin mutations
affect circadian rhythms.
Because flies with reduced levels of U4/U6.U5 tri-snRNP components had prolonged or
disrupted rest:activity rhythms in free-running conditions (constant darkness), we tested the
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wheel-running circadian activity of Prpf3-T494M and Prpf8-H2309P knockin mutations.
Homozygous Prpf8-H2309P mice exhibited longer periods of circadian wheel running behavior
compared to their littermate controls without the mutation (p=0.01) (Figure 3.1A). The circadian
wheel running period length of homozygous Prpf3-T494M mice also trended longer longer
relative to their littermate controls but this difference did not reach statistical significance (p=0.08)
(Figure 3.1B) Importantly, Prpf3-T494M and Prpf8-H2309P only begin to display early signs of
eye degeneration at ~2 years of age (Graziotto et al., 2011). Because we tested circadian
behavior in these knockin mice at the age of 2-4 months, it allows us to exclude the blindness of
RP mice as a potential cause of the circadian behavioral phenotype we observed (Lockley et al.,
2007). Overall, our data indicate that the role of Prpf8, and perhaps Prpf3, in circadian behavior is
conserved from fruit flies to mammals.
Diurnal cycling of retinal transcripts is dampened in Prpf8KI-H2309P mice
Based upon the wheel-running phenotype of Prpf8KI-H2309P mice, we decided to probe
circadian function in peripheral tissues. Given the previously characterized connection between
Prpf8 mutations and retinal degeneration, we chose to evaluate the diurnal rhythmicity of gene
expression in the eye (McKie et al., 2001; Graziotto et al., 2011). Prpf3-T494M and Prpf8-H2309P
mice display a defect in phagocytosis in the outer segment (Farkas et al., 2014). The outer
segment shedding of photoreceptors, which are then phagocytosed by the retinal pigment
epithelium (RPE), is one of the most robust circadian processes in the vertebrate eye (Goldman
et al., 1980; Teirstein et al., 1980; LaVail, 1980; Grace et al., 1996). Because RP caused by
mutations in splicing factors is associated with (RPE) abnormalities, we initially hypothesized that
we would uncover the disruption of the local circadian rhythm in the RPE. Such an RPE-specific
circadian defect could potentially account for the disrupted rhythm of outer segment phagocytosis
(Graziotto et al., 2011; Farkas et al., 2014). Given the difficulty of the traditional RPE isolation
method that requires multiple enzymatic and temperature-dependent steps, we used a faster
manual method of eye cup (consisting of RPE, choroid and Bruch’s membrane) dissection
expected to provide better resolution of diurnal circadian cycling.
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We assayed diurnal gene expression in the isolated retina and the eyecup across 4 daily
time-points. Contrary to our initial hypothesis, the diurnal cycling of gene expression in the retina,
but not in the RPE, was compromised in Prpf8-H2309P mice (Figure 3.2). The transcripts of core
clock genes, such as Per2 and Rev-erb a, did not display significant cycling in Prpf8-H2309P
mice although they did so in sibling controls (Figure 3.2A). Our recent findings show that
spliceosome factors regulate circadian clock cycling in Drosophila, at least partially, via splicing of
the timeless (tim) clock RNA (Shakhmantsir et al., in press). Thus, we assayed the cycling of Tim
mRNA in the mammalian retina and identified a significant cycle in sibling controls but a
dampened diurnal rhythm in the retinas of Prpf8-H2309P mice (Figure 3.2A). Not all of the genes
we tested displayed the same differences between the control and the Prpf8-H2309P mice. Cry1
cycling was not detected in either the control or Prpf8-H2309P mice, while Rorb, a circadian clock
regulator previously implicated in retinal degeneration (Andre et al., 1998), cycled robustly in both
genotypes. These results indicate that diurnal expression rhythms of some of the core circadian
genes in the retina are sensitive to the Prpf8-H2309P mutation.
Our data suggest that Prpf8 has a tissue-dependent effect on diurnal gene cycling in the
eye as cycling in the eyecup was just as robust in the RP mutant mice as in their sibling controls.
In fact, some transcripts, such as Per2 and Cry1, displayed an even more robust cycling in the
RP mutant mice compared to the controls (Figure 3.2B). Expression of MerTK, a gene implicated
in the phagocytosis of photoreceptor outer segments (Law et al., 2015), did not cycle in both
Prpf8-H2309P and control mice (Figure 3.2B).
Effects of circadian disruption on retinal health
Mouse models of RP, based upon disease-causing human mutations in RNA splicing
factors, display late onset retinal degeneration (Graziotto et al., 2011). We used this feature to our
advantage to determine if we could speed up the onset of retinal degeneration in these mice by
exposing them to conditions that would desynchronize their circadian clocks. To disrupt circadian
rhythms, we used a jetlag protocol that was verified in our laboratory to cause behavioral
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arrhythmia, as assayed by wheel running activity (Lee et al., submitted). Because this jetlag
protocol subjected mice to more cumulative light exposure than the standard 12h-light:12-h-dark
condition, we maintained our control mice in a regularly cycling 14h-light:10h-dark paradigm. The
addition of 2 extra light hours to the light schedule evened out the light-dark distribution between
the jetlag condition and the control condition. Additionally, we ensured that the light intensity was
equivalent in both cabinets (~650-750 lux as measured inside the cages). Our choice of this
moderately strong light intensity was dictated by the fact that higher light intensities positively
correlate with retinal damage (Youssef et al., 2011). We reasoned that the combination of
increased light intensity exposure with jetlag would allow us to significantly decrease the time
frame required to see any eye abnormalities in the mice.
We exposed mice to the experimental and control paradigms for ~ 3 month prior to eye
evaluation with the Optical Coherence Tomography (OCT) scan. Given that Prpf8KI-H2309P
mice first develop signs of RP-like pathology (loss of RPE basal infoldings and sub-RPE deposits)
at only 2 years of age under normal light schedules and lower light intensities, we hypothesized
that these mice, which have endogenously compromised circadian clocks (Figure 3.1-3.2), would
be prone to earlier onset retinal degeneration when placed into high-light intensity jetlag
conditions. On the other hand, littermate controls that are not susceptible to retinal degeneration
might not be affected by this regimen.
~21% (6/28) of all mice in our experiment developed eye lesions identified by OCT
(Figure 3.3A). Interestingly, only mice housed in the jetlag cabinet developed the abnormalities:
~33% (6/18) of mice in the jetlag cabinet and 0% (0/10) of mice in the control cabinet were
affected (Figure 3.3A). The eye phenotypes revealed RPE thickening as well as deformities in
inner/outer segments (IS/OS), outer nuclear layer (ONL) and the outer plexiform layer (OPL)
(Figure 3.3C-E). These phenotypic observations, in addition to the vascular leakage observed by
fluorescein angiography (Figure 3.3G), suggest potential ectopic neovascularization. When we
examined the genotypes of the mice that got this putative neovascularization, we did not find any
difference between the Prpf8KI-H2309P mice and the littermate controls in terms of their
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propensity to develop eye defects (in both cases it was ~33%). Thus, we conclude that under
conditions of our study, the Prpf8 H2309P mutation does not interact with circadian disruption.
Nevertheless, our findings suggest a strong tendency (p=0.06) of circadian rhythm disruption to
precipitate potential neovascularization.

Discussion
In this study, we reveal a novel circadian phenotype of Prpf8-H2309P mice, which is
characterized by lengthening of the circadian wheel-running activity and dampening of diurnal
gene expression in the retina (Figure 3.1-3.2). Prpf8 is a key component of U5 snRNP and
U4/U6.U5 tri-snRNP that serves to assemble the activated spliceosome (Grainger and Beggs,
2005). The circadian role of mammalian Prpf8 is intriguing in the light of our recent report on the
circadian role of U4/U6.U5 tri-snRNP in Drosophila melanogaster (Shakhmantsir et al., in press).
Therefore, we propose that the U4/U6.U5 tri-snRNP components are evolutionarily conserved
regulators of circadian clocks.
Human mutations in Prpf8 lead to autosomal dominant RP (McKie et al., 2001; Towns et
al., 2010). Since Prpf8 is ubiquitously expressed, it remains unclear why the RP-causing
mutations seem to exclusively affect retinal health (Ruzickova and Stanek, 2017). Multiple
speculations exist about the role of U4/U6.U5 tri-snRNP in the retina. First, some studies
indicated that the expression of U4/U6.U5 components is particularly high in the retina
(Tanackovic et al., 2011; Cao et al., 2011), suggesting a particularly heavy load of spliceosomal
processing in the retina. Secondly, there could be unique eye-specific U4/U6.U5 targets sensitive
to decreases in splicing efficiency which are otherwise normally tolerated in the rest of the body
(Tanackovic et al., 2011; Linder et al., 2011). Thirdly, some tri-snRNP components, including
Prpf8, were associated with ciliary dysfunction, which is implicated in RP pathogenesis (Buskin et
al., 2018; Wheway et al., 2015).
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Our study reveals that an RP-causing H2309P mutation in Prpf8 deregulates diurnal
gene expression in the retina, suggesting circadian dysregulation as a novel retinal phenotype of
RP.

Previous studies of homozygous Prpf3-T494M and Prpf8-H2309P and heterozygous

Prpf31+/- mice zoomed in on the RPE as the primary site of initial RP pathology (Graziotto et al.,
2011). While the late-onset degenerative RPE phenotype is first recorded in mice at only ~2
years of age, functional changes, in particular affecting the diurnal rhythm in phagocytosis, are
already present in RPE isolated from 2-week-old homozygous Prpf8-H2309P mice (Farkas et al.,
2014). Because RP caused by mutations in splicing factors is associated with RPE abnormalities
(Graziotto et al., 2011; Farkas et al., 2014), we hypothesized that disruption of the local circadian
rhythm in the RPE might underlie the disrupted rhythm of outer segment phagocytosis. Contrary
to our initial hypothesis, we found that the cycling of gene expression in the retina, and not the
RPE, was compromised in Prpf8-H2309P mice (Figure 3.2A). We propose that the retinal clock
coordinates the timing of photoreceptor outer segment shedding, which then synchronizes the
rhythm of RPE phagocytosis. However, we acknowledge that our crude way of assaying RPE
rhythms as part of the entire eye cup could provide insufficient RPE enrichment and thereby not
faithfully reflect RPE cycling. Future studies that allow for time-sensitive collection of specific
tissue would convincingly establish whether Prpf8 has a circadian role in the RPE.
As a way of addressing causality between circadian disruption in Prpf8-H2309P mice and
their RP phenotype, we inquired if additional circadian disruption trigged by chronic jetlag could
speed up the onset of retinal pathologies in these mice. Our findings suggest that the 3-monthlong jetlag paradigm affects Prpf8-H2309P homozygotes and their sibling controls to an equal
extent (Figure 3.3). Consequently, the H2309P mutation in Prpf8 that disrupts wheel-running
circadian activity and the diurnal rhythms of gene expression in the retina (Figure 3.1 and 3.2)
does not predispose mice to earlier onset or higher severity of pathological neovascularization
(Figure 3.3). Given that it takes 2 years to see mild RPE disruptions in Prpf8-H2309P mice, it is
possible that the age of mice at the onset of our jetlag experiment (~3 month average; 6 – 1.5
month range) and the total length of circadian disruption was not sufficient to trigger RP-relevant
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pathology and/or pick up the difference between the Prpf8-H2309P mice and the controls.
Nevertheless the jetlag paradigm caused retinal deficits not seen in mice exposed to the same
amount of light in regular light:dark cycles.
In mammals, photoreceptors and RPE cells are post-mitotic, which means their functions
need to remain efficient throughout the life of an organism for retinal function to remain optimal.
Not surprisingly, many retinal diseases, including RP, arise later in life when proper circadian
function might matter more (Baba et al., 2018). A recent study demonstrates that the effect of
Bmal-/- mutation on photoreceptor viability is only visible in 8-month-old mice while photoreceptors
look normal in 3-month-old Bmal-/- mice (Baba et al., 2018). Clock/Npas2 knockout mice, similarly
to Bmal-/- mice, display photoreceptor deficits as mice age (Baba et al., 2018). In our study, we
report that circadian disruption triggered by a chronic (~3 months) jetlag exposure can lead to
signs of pathologic neovascularization (Figure 3.3). Interestingly, our preliminary findings indicate
that the older the mice are at the onset of the jetlag experiment, the more likely they are to
develop retinal lesions when exposed to jetlag (data not shown). While perturbations of core clock
components often do not lead to drastic retinal phenotypes in healthy animals (Ait-Hmyed et al.,
2013; Selby et al., 2000), it is possible that circadian misregulation synergizes with other factors
known to modify retinal health, such as aging, bright light and genetic retinal diseases. Additional
studies are necessary to better inform our understanding of the role of circadian rhythms in the
retina and the contribution of circadian disruption to eye pathologies.
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Figures
Figure 3.1 The period of circadian wheel running activity is lengthened in Prpf8KI-H2309P mice

A

B

(A) Circadian wheel running activity in Prpf8-H2309P homozygous mice is significantly
longer than in their littermate controls (+/+). (B) No significant difference in period length
between Prpf8-H2309P homozygous mice and their littermate controls (+/+) was
observed. n.s., not significant at the 0.05 level, p* =0.01 to control (+/+) as determined by
Student’s t-test, n=10-14. Error bars = +/- SEM.
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Figure 3.2 Diurnal cycling of retinal transcripts is dampened in Prpf8KI-H2309P mice
Mice were entrained for 3 weeks
in 12h-light:12-h-dark conditions
and then retinas (A) and eye
cups (B) were harvested at
indicated ZT time points. qPCR
experiments were performed in
triplicate, normalized to 36B4
and analyzed using the ∆∆Ct
method. pJTK indicates cycling as
assessed by JTK cycle analysis
for control mice (black) and
homozygous

Prpf8-H2309P

mutants (red). Each time point
represents data collected from
3-7

eyes

across

two

experimental runs.

78

Figure 3.3 Effect of circadian disruption on retinal health
(A) Effect of a jetlag paradigm on
the development of lesions in the
retina, as assessed by OCT. The
data include control and Prpf8
mutant mice. The effect of jetlag on
retinal

lesion

onset

was

not

significant at p=0.06 by a two-sided
Fischer’s exact test. (B) Retinal
lesions in mice in the jetlag group
only, segregated by their genotypes
and their OCT outcome. When
exposed to jetlag, homozygous
Prpf8-H2309P

mice

and

their

littermate sibling controls (+/+) get
retinal

lesions

at

similar

rates

(~33%). (C) OCT image of a normal
retina

of

a

Prpf8-H2309P

homozygous jetlag-treated mouse.
Key retinal layers are indicated in
red. (D-E) Representative images
of retinal abnormalities detected by
OCT in the control (+/+) mouse (D)
and the homozygous Prpf8-H2309P
mouse (E) that were both subjected
to jetlag. Yellow arrows point to
sights

of

neovascularization.

potential
In

(D)

a

branching off the retinal lesion
reaches out into a retinal vessel. (F)
A representative fundus photograph
(left) and fluorescein angiography
(right) of a normal retina of a Prpf8H2309P/+ mouse housed under
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control conditions. (G) The area of depigmentation as indicated by an arrow on the fundus
photograph (left) corresponds to vascular leakage as indicated by another arrow on the
fluorescein angiography photograph (right) in the homozygous Prpf8-H2309P jetlag-treated
mouse. Abbreviations: retinal pigment epithelium (RPE), inner/outer segments (IS/OS), outer
nuclear layer (ONL), inner nuclear layer (INL), inner plexiform layer (IPL).

Supplementary Figure 3.1 Jet lag lighting schedule

Jet lag protocol consisted of serial 8-hour advances of light-cycle every two days. An example of
5-day-long cycle that was repeated for the entire duration of the experiment is shown. Black
squares indicate lights off and yellow squares indicate lights on.
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS
From fruit fly behavior to mammalian retinal degeneration
The goal of this thesis work was to unravel new mechanisms that sustain circadian
oscillations and maintain periodicity at ~24 hours. We utilized the power of fruit fly genetics to
identify prp4, a component of the spliceosome, as a novel regulator of delays in the circadian
clock mechanism (Figure 4.1). Our finding that, in addition to prp4, other components of
U4/U6.U5 tri-snRNP were required to maintain the clock, led us to examine the role of
mammalian U4/U6.U5 tri-snRNP genes, Prpf3 and Prpf8. We were motivated to initiate this
project because mutations in multiple U4/U6.U5 tri-snRNP components cause RP, the most
common form of genetically-inherited blindness. While initially we sought to understand if
circadian rhythms were simply disrupted in mouse models of human RP, we gradually shifted our
objective to probe if circadian clock dysregulation contributes to retinal disease. Thus, in the
course of this scientific investigation we

transitioned from basic research on circadian clocks in

Drosophila to translational studies on RP in mice. In this last chapter, we expand on our findings,
propose alternative interpretations and new directions for our research.
Splicing and circadian rhythms in Drosophila
In chapter 2 of this thesis, we proposed that prp4 regulates tim splicing at the tim-tiny
locus to maintain circadian rhythm both under free-running and cycling temperature conditions
(Figure 2.7). However, we acknowledge that retention of the tim-tiny intron cannot account for all
aspects of the phenotype driven by prp4 downregulation. For example, while we hypothesize that
decreased TIM levels lead to delayed PER phosphorylation (as a result of delayed nuclear entry),
we cannot exclude that this PER phenotype is triggered by the knockdown of prp4 in a TIMindependent manner (Figure 2.2D). For one, the downregulation of prp4 could affect splicing of
genes other than tim, although our RNAseq data did not reveal global changes in alternative
splicing but rather in a select number of transcripts, including tim (Figure 2.4A). At the same time,
the downregulation of prp4 elicited a more dramatic effect on gene expression than it did on
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splicing (Shakhmantsir et al., 2018 - Supplementary file 2), raising a possibility that some of the
genes up- or downregulated by prp4 could contribute to its effect on circadian rhythms.
It would not be unprecedented for prp4 to coordinate pre-mRNA splicing and
transcriptional control. Dual control is supported by findings that mammalian Prpf4 interacts with
both U5 snRNP components and with proteins involved in nuclear hormone-regulated chromatin
remodeling, such as N-CoR and BRG1, a mammalian homologue of the Drosophila protein
Brahma (Brm) (Dellaire et al., 2002). Both the mammalian BRG1 and its fruit fly counterpart
regulate circadian rhythms (Kim et al., 2014; Kwok et al., 2015). BRG1 associates with CHD4, a
subunit of the Mi-2/nucleosome remodeling and deacetylating (NuRD) transcriptional
corepressor, which is immunoprecipitated in a complex with transcriptionally active CLOCK/
BMAL1 (Kim et al., 2014). Curiously, in the same study, Kim and colleagues identified Prpf8,
Prpf19 and Prpf31 in PER2 complexes at CT14 (14 hours in the dark after lights off). The most
straightforward interpretation of this finding is that the core spliceosome factors are associated
with the transcriptionally active CLOCK/ BMAL1 complex prior to the binding of the PER2
repressor. This hypothesis is consistent with the idea that splicing and transcription are
functionally coupled (Kornblihtt et al., 2004). Future studies should investigate how the
spliceosome and the clock machinery physically interact to enable the circadian patterns of
alternative splicing and gene expression.
Another unexplored direction is the circadian role that circular RNAs (circRNAs) might
play in the context of prp4 knockdown. circRNAs are a recently discovered class of RNAs that
are, in most cases, generated by ‘backsplicing’ of exonic sequences into covalently linked circular
RNA moieties (reviewed in Chen, 2016; Wilusz, 2016). circRNAs can, among other things, act as
microRNA sponges, nuclear transcriptional regulators and protein scaffolds.

Their increased

accumulation is characteristic of multiple diseases, including cancer and neurodegeneration
(Salzman, 2016; Kumar et al., 2017; Kristensen et al., 2018). The aspect of circRNA biogenesis
that is relevant for this discussion is the reverse relationship between splicing activity and
circRNA production (Ashwal-Fluss et al., 2014). Knockdown of multiple splicing factors, including
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prp4, prp3 and prp8, leads to a significant increase in circRNA production, as measured in a
Drosophila cell culture reporter assay (Liang et al., 2017). It would be interesting to inquire if any
of the circRNAs that get upregulated upon splicing factor depletion are relevant in the circadian
context. While many circadian genes, for example tim (Ashwal-Fluss et al., 2014), are predicted
to produce circRNAs, no circadian roles for circRNAs have been described yet.

Splicing factors and circadian rhythms in the mammalian retina
In chapter 3 of this thesis, we uncovered a circadian phenotype in the Prpf8 knock-in
mouse model of RP. We propose that Prpf8 and other U4/U6.U5 tri-snRNP components are
conserved regulators of the pace and strength of circadian oscillations. The mechanism that
disrupts clocks in Prpf8-H2309P mice is unknown, but an effect on circadian period is indicative
of an effect on the clock, direct or indirect. We propose that, similarly to Drosophila, splicing
factors in mammals could act on core clock genes to regulate their levels and/or activity. Due to a
complex mammalian clock architecture and a plethora of predicted spliceoforms, studies of
alternative splicing in the context of mammalian circadian clocks have been scarce (as discussed
in Chapter 1). A recent study identified a single mutation in a splice site of human Cry1 that
changes the binding of Cry1 to Clock and affects the delay in transcriptional inhibition. In humans,
this mutation leads to delayed sleep phase disorder, also known as the ‘night owl’ syndrome
(Patke et al., 2017). This finding, along with our RP studies, underscores the need for detailed
investigation of mammalian clock spliceoforms for a better understanding of human disease.
Approval of a recent AAV-mediated gene therapy against RPE65-mediated RP shows
how the knowledge of disease etiology can inform effective treatments (reviewed in Pierce and
Bennett, 2015). Not all forms of RP are amenable to current gene therapy strategies, so
additional therapeutic strategies are required and will rely on a strong knowledge base of the
underlying pathophysiology. Modifier genes, allelic variants that do not cause disease but can
modify its severity and/or onset, constitute an interesting class of novel therapeutic targets for RP.
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Curiously, one such modifier gene is Rev-Erba, a circadian regulator that we find misregulated in
the retina of Prpf8-H2309P mice (Figure 3.2). The modifier role of Rev-Erba was identified in the
context of RP induced by mutation in Nr2E3, also known as photoreceptor-specific nuclear
receptor (PNR) (Cruz et al., 2014). Ocular overexpression of Rev-Erba rescues degenerative
phenotypes of Nr2E3 mutant mice (also known as retinal degeneration 7 (rd7) mutants) (Cruz et
al., 2014). Nr2E3, along with Rev-Erba and other transcription factors, is critical for proper
vertebrate eye development and is also expressed in the adult eye (Cheng et al., 2004; Mollema
et al., 2011; Laranjeiro et al., 2014). Just like Rev-Erba, Nr2E3 displays a robust circadian cycle
in the zebrafish eye (Laranjeiro et al., 2014). Additionally, the Drosophila homolog of Nr2E3,
called unfulfilled (unf) regulates circadian rest:activity rhythms in Drosophila (Jaumouille et al.,
2015). The relevance of the relationship between Rev-Erba and Nr2E3 should be further
investigated, both in the circadian and the RP contexts.
General clock regulators such as Rev-Erba can interact with tissue-specific transcription
factors to customize circadian transcript profiles for tissue-specific metabolic regulation (Zhang et
al., 2016). It would be interesting to test if the diurnal cycling of Nr2E3 and its transcriptional
targets is impaired in the retina of Prpf8-H2309P mice. To further address if Nr2E3 is a circadian
regulator in the mammalian retina, one could profile key circadian transcripts in the eyes of rd7
mutant mice. If circadian rhythms in Nr2E3-target genes are dampened, it would indicate that
another RP model, in addition to Prpf8-H2309P mice, displays circadian dysregulation.
A number of studies have investigated ocular phenotypes of mice with mutations in core
clock genes (reviewed in Felder-Schmittbuhl et al., 2018). However, it remains unresolved
whether a functional circadian clock in the eye is necessary for visual function. An important
objective of future studies would be to determine if circadian desynchronization is detrimental to
ocular health, either on its own or in combination with other factors, such as light, age or genetic
mutations. In our work, we demonstrate a circadian phenotype in the retina of one RP model. We
are faced with ‘the chicken or the egg’ causality dilemma: does circadian dysregulation contribute
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to RP or does underlying RP-inducing pathology merely cause circadian defects? The fact that
circadian defects precede any overt retinal degeneration argues against the latter. Nevertheless,
to address this question, we inquired if the homozygous Prpf8-H2309P mice, when exposed to
chronic jetlag, exhibit an earlier onset of retinal degeneration. Our preliminary data suggests that
chronic jetlag exposure promotes neovascularization and leakiness of the retinal vasculature, but
this phenotype does depend on the Prpf8 mutation (Figure 3.3). Moving forward, we would like to
solidify our data and analyze eye samples from mice used in the OCT experiment in a more
sensitive way. Detailed analysis of eye sections should enable us to verify the neovascular nature
of the phenotype, and to differentiate between the severity of eye lesion phenotypes in the control
and Prpf8-H2309P mice under jetlag conditions.
Because mouse models of RP do not reflect all the intricacies of human disease
(Graziotto et al., 2011), studies in human primary fibroblast cell culture could be a great way to
understand clock mechanisms in a disease context. Therefore, we propose to test circadian
rhythms in fibroblasts from human patients with RP (induced by mutations in spliceosome factors)
using established clock luciferase reporters, such as Per2::Luciferase or Bmal1::Luciferase
(Brown et al., 2005; Ramanathan et al., 2012). We suggest three key points to consider prior to
setting up these experiments. First, recruitment of RP patients with verified mutations in splicing
factor genes is not trivial because these individuals represent a small subset of the RP-affected
population. Secondly, even once samples from RP patients are collected, an investigator needs
to obtain robust experimental controls. Ordering a large number of ‘unaffected’ age-matched
fibroblast samples from tissue biobanks could we one option. Ideally, however, fibroblast samples
from unaffected non-carrier family members should be used as controls. Finally, one needs to be
aware that fibroblasts might not be an RP-relevant cell type to record circadian rhythms from. In
our study, we see a striking difference in circadian phenotypes from different tissue types of the
eye in Prpf8-H2309P mice (Figure 3.2). Even if circadian rhythms are normal in the fibroblasts of
RP patients, circadian rhythms in the retina might still be affected. In that case, one could use
fibroblasts to derive induced pluripotent stem cells (iPSCs), which could then be differentiated into
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ocular tissues, transfected with clock luciferase reporters and tested for circadian rhythm defects
(Reichman et al., 2014; Rathod et al., 2018).
We believe that the role of circadian clocks in retinal health should be an active topic for
research, and not only in the context of RP. For example, as retinal cells age, they become
predisposed to a type of retinal degeneration known as age-related macular degeneration (AMD),
which is one of the most common causes of vision loss in the elderly (Ehrlich et al., 2008). AMD
is characterized by inflammation and changes to the RPE that occur as a result of imbalance in
reactive oxygen species (ROS) production (reviewed in Fanjul-Moles and Lopez-Riquelme,
2016). These changes share common features with the RPE-specific phenotype reported for
Prpf3 and Prpf8 knock-in mice (Graziotto et al., 2011). Old age, an important factor in AMD
pathogenesis, is characterized by dampening of multiple circadian clock outputs, including SCN
firing, plasma glucose cycling, melatonin and cortisol rhythms (reviewed in Hood and Amir, 2017).
Recently it has been shown that aging causes dampening of circadian cycles in the eye, in
particular in the retina (Baba and Tosini, 2018). Thus, we propose that age-induced circadian
disruption could be one of the overlooked aspects of AMD.
Together these studies identify a novel mechanism underlying circadian clock function
that may also be relevant for linking clock dysfunction to disease. Clock dysfunction is thought to
contribute to the pathology of cancer, myocardial infarction, diabetes, neurodegenerative,
metabolic and gastrointestinal disorders but mechanistic underpinnings are largely not known
(reviewed in Roenneberg and Merrow, 2016).
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Figure 4.1. U4/U6.U5 is a conserved regulator of circadian rhythms

U4/U6.U5 tri-snRNP regulates circadian behavior and gene expression in both Drosophila and
mice. In flies, PRP4 regulates the splicing choice at tim-tiny locus to set the levels TIM. In mice,
Prpf8 knockin mutation lengthens circadian behavior and dampens gene expression by yet
undefined mechanism. U4/U6.U5 tri-snRNP components have been implicated in retinal
degeneration in both flies and mammals (Ray et al., 2010; Graziotto et al., 2011; Ruzickova and
Stanek, 2017). It remains to be determined if the circadian dysregulation caused by the
knockdown or mutations in tri-snRNP components (as we demonstrate in this thesis work) can
contribute to the development of retinal pathologies, in particular RP.

87

REFERENCES
Abruzzi, K.C., Zadina, A., Luo, W., Wiyanto, E., Rahman, R., Guo, F., Shafer, O. & Rosbash, M.
2017, "RNA-seq analysis of Drosophila clock and non-clock neurons reveals neuron-specific
cycling and novel candidate neuropeptides", PLoS genetics, vol. 13, no. 2, pp. e1006613.
Ait-Hmyed, O., Felder-Schmittbuhl, M.P., Garcia-Garrido, M., Beck, S., Seide, C., Sothilingam, V.,
Tanimoto, N., Seeliger, M., Bennis, M. & Hicks, D. 2013, "Mice lacking Period 1 and Period
2 circadian clock genes exhibit blue cone photoreceptor defects", The European journal of
neuroscience, vol. 37, no. 7, pp. 1048-1060.
Ajmal, M., Khan, M.I., Neveling, K., Khan, Y.M., Azam, M., Waheed, N.K., Hamel, C.P., BenYosef, T., De Baere, E., Koenekoop, R.K., Collin, R.W., Qamar, R. & Cremers, F.P. 2014, "A
missense mutation in the splicing factor gene DHX38 is associated with early-onset retinitis
pigmentosa with macular coloboma", Journal of medical genetics, vol. 51, no. 7, pp. 444448.
Akten, B., Jauch, E., Genova, G.K., Kim, E.Y., Edery, I., Raabe, T. & Jackson, F.R. 2003, "A role
for CK2 in the Drosophila circadian oscillator", Nature neuroscience, vol. 6, no. 3, pp. 251257.
Allada, R. & Chung, B.Y. 2010, "Circadian organization of behavior and physiology in
Drosophila", Annual Review of Physiology, vol. 72, pp. 605-624.
Andre, E., Conquet, F., Steinmayr, M., Stratton, S.C., Porciatti, V. & Becker-Andre, M. 1998,
"Disruption of retinoid-related orphan receptor beta changes circadian behavior, causes
retinal degeneration and leads to vacillans phenotype in mice", The EMBO journal, vol. 17,
no. 14, pp. 3867-3877.
Ashwal-Fluss, R., Meyer, M., Pamudurti, N.R., Ivanov, A., Bartok, O., Hanan, M., Evantal, N.,
Memczak, S., Rajewsky, N. & Kadener, S. 2014, "circRNA biogenesis competes with premRNA splicing", Molecular cell, vol. 56, no. 1, pp. 55-66.
Baba, K., Ribelayga, C.P., Michael Iuvone, P. & Tosini, G. 2018, "The Retinal Circadian Clock
and Photoreceptor Viability", Advances in Experimental Medicine and Biology, vol. 1074, pp.
345-350.
Baba, K. & Tosini, G. 2018, "Aging Alters Circadian Rhythms in the Mouse Eye", Journal of
Biological Rhythms, vol. 33, no. 4, pp. 441-445.
Bartok, O., Kyriacou, C.P., Levine, J., Sehgal, A. & Kadener, S. 2013, "Adaptation of molecular
circadian clockwork to environmental changes: a role for alternative splicing and
miRNAs", Proceedings of the Royal Society B: Biological Sciences, vol. 280, no. 1765, pp.
20130011.
Bassi, C.J. & Powers, M.K. 1986, "Daily fluctuations in the detectability of dim lights by
humans", Physiology & Behavior, vol. 38, no. 6, pp. 871-877.
Beckwith, E.J., Hernando, C.E., Polcownuk, S., Bertolin, A.P., Mancini, E., Ceriani, M.F. &
Yanovsky, M.J. 2017, "Rhythmic Behavior Is Controlled by the SRm160 Splicing Factor in
Drosophila melanogaster", Genetics, vol. 207, no. 2, pp. 593-607.
Benaglio, P., McGee, T.L., Capelli, L.P., Harper, S., Berson, E.L. & Rivolta, C. 2011, "Next
generation sequencing of pooled samples reveals new SNRNP200 mutations associated
with retinitis pigmentosa", Human mutation, vol. 32, no. 6, pp. 2246.

88

Bivik, C., Bahrampour, S., Ulvklo, C., Nilsson, P., Angel, A., Fransson, F., Lundin, E., Renhorn, J.
& Thor, S. 2015, "Novel Genes Involved in Controlling Specification of Drosophila
FMRFamide Neuropeptide Cells", Genetics, vol. 200, no. 4, pp. 1229-1244.
Bodenmiller, B., Malmstrom, J., Gerrits, B., Campbell, D., Lam, H., Schmidt, A., Rinner, O.,
Mueller, L.N., Shannon, P.T., Pedrioli, P.G., Panse, C., Lee, H.K., Schlapbach, R. &
Aebersold, R. 2007, "PhosphoPep--a phosphoproteome resource for systems biology
research in Drosophila Kc167 cells", Molecular systems biology, vol. 3, pp. 139.
Boothroyd, C.E., Wijnen, H., Naef, F., Saez, L. & Young, M.W. 2007, "Integration of light and
temperature in the regulation of circadian gene expression in Drosophila", PLoS
genetics, vol. 3, no. 4, pp. e54.
Bottner, C.A., Schmidt, H., Vogel, S., Michele, M. & Kaufer, N.F. 2005, "Multiple genetic and
biochemical interactions of Brr2, Prp8, Prp31, Prp1 and Prp4 kinase suggest a function in
the control of the activation of spliceosomes in Schizosaccharomyces pombe", Current
genetics, vol. 48, no. 3, pp. 151-161.
Boyd, T.A. & McLeod, L.E. 1964, "Circadian Rhythms of Plasma Corticoid Levels, Intraocular
Pressure and Aqueous Outflow Facility in Normal and Glaucomatous Eyes", Annals of the
New York Academy of Sciences, vol. 117, pp. 597-613.
Bradley, T., Cook, M.E. & Blanchette, M. 2015, "SR proteins control a complex network of RNAprocessing events", RNA (New York, N.Y.), vol. 21, no. 1, pp. 75-92.
Brooks, A.N., Duff, M.O., May, G., Yang, L., Bolisetty, M., Landolin, J., Wan, K., Sandler, J.,
Booth, B.W., Celniker, S.E., Graveley, B.R. & Brenner, S.E. 2015, "Regulation of alternative
splicing in Drosophila by 56 RNA binding proteins", Genome research, vol. 25, no. 11, pp.
1771-1780.
Brown, S.A., Fleury-Olela, F., Nagoshi, E., Hauser, C., Juge, C., Meier, C.A., Chicheportiche, R.,
Dayer, J.M., Albrecht, U. & Schibler, U. 2005, "The Period Length of Fibroblast Circadian
Gene Expression Varies Widely among Human Individuals", PLoS Biology, vol. 3, no. 10,
pp. . Epub 2005 Sep 27 doi:10.1371/journal.pbio.0030338.
Bujakowska, K., Maubaret, C., Chakarova, C.F., Tanimoto, N., Beck, S.C., Fahl, E., Humphries,
M.M., Kenna, P.F., Makarov, E., Makarova, O., Paquet-Durand, F., Ekstrom, P.A., van
Veen, T., Leveillard, T., Humphries, P., Seeliger, M.W. & Bhattacharya, S.S. 2009, "Study of
gene-targeted mouse models of splicing factor gene Prpf31 implicated in human autosomal
dominant retinitis pigmentosa (RP)", Investigative ophthalmology & visual science, vol. 50,
no. 12, pp. 5927-5933.
Burckin, T., Nagel, R., Mandel-Gutfreund, Y., Shiue, L., Clark, T.A., Chong, J.L., Chang, T.H.,
Squazzo, S., Hartzog, G. & Ares, M.,Jr 2005, "Exploring functional relationships between
components of the gene expression machinery", Nature structural & molecular biology, vol.
12, no. 2, pp. 175-182.
Buskin, A., Zhu, L., Chichagova, V., Basu, B., Mozaffari-Jovin, S., Dolan, D., Droop, A., Collin, J.,
Bronstein, R., Mehrotra, S., Farkas, M., Hilgen, G., White, K., Pan, K.T., Treumann, A.,
Hallam, D., Bialas, K., Chung, G., Mellough, C., Ding, Y., Krasnogor, N., Przyborski, S.,
Zwolinski, S., Al-Aama, J., Alharthi, S., Xu, Y., Wheway, G., Szymanska, K., McKibbin, M.,
Inglehearn, C.F., Elliott, D.J., Lindsay, S., Ali, R.R., Steel, D.H., Armstrong, L., Sernagor, E.,
Urlaub, H., Pierce, E., Luhrmann, R., Grellscheid, S.N., Johnson, C.A. & Lako, M. 2018,
"Disrupted alternative splicing for genes implicated in splicing and ciliogenesis causes
PRPF31 retinitis pigmentosa", Nature communications, vol. 9, no. 1, pp. 4234.

89

Cao, H., Wu, J., Lam, S., Duan, R., Newnham, C., Molday, R.S., Graziotto, J.J., Pierce, E.A. &
Hu, J. 2011, "Temporal and tissue specific regulation of RP-associated splicing factor genes
PRPF3, PRPF31 and PRPC8--implications in the pathogenesis of RP", PloS one, vol. 6, no.
1, pp. e15860.
Carey, K.T. & Wickramasinghe, V.O. 2018, "Regulatory Potential of the RNA Processing
Machinery: Implications for Human Disease", Trends in genetics : TIG, vol. 34, no. 4, pp.
279-290.
Ceriani, M.F., Darlington, T.K., Staknis, D., Mas, P., Petti, A.A., Weitz, C.J. & Kay, S.A. 1999,
"Light-dependent sequestration of TIMELESS by CRYPTOCHROME", Science (New York,
N.Y.), vol. 285, no. 5427, pp. 553-556.
Chakarova, C.F., Hims, M.M., Bolz, H., Abu-Safieh, L., Patel, R.J., Papaioannou, M.G.,
Inglehearn, C.F., Keen, T.J., Willis, C., Moore, A.T., Rosenberg, T., Webster, A.R., Bird,
A.C., Gal, A., Hunt, D., Vithana, E.N. & Bhattacharya, S.S. 2002, "Mutations in HPRP3, a
third member of pre-mRNA splicing factor genes, implicated in autosomal dominant retinitis
pigmentosa", Human molecular genetics, vol. 11, no. 1, pp. 87-92.
Chen, L.L. 2016, "The biogenesis and emerging roles of circular RNAs", Nature
reviews.Molecular cell biology, vol. 17, no. 4, pp. 205-211.
Chen, X., Liu, Y., Sheng, X., Tam, P.O., Zhao, K., Chen, X., Rong, W., Liu, Y., Liu, X., Pan, X.,
Chen, L.J., Zhao, Q., Vollrath, D., Pang, C.P. & Zhao, C. 2014, "PRPF4 mutations cause
autosomal dominant retinitis pigmentosa", Human molecular genetics, vol. 23, no. 11, pp.
2926-2939.
Chen, X. & Rosbash, M. 2016, "mir-276a strengthens Drosophila circadian rhythms by regulating
timeless expression", Proceedings of the National Academy of Sciences of the United States
of America, vol. 113, no. 21, pp. 2965.
Chen, Y., Hunter-Ensor, M., Schotland, P. & Sehgal, A. 1998, "Alterations of per RNA in
noncoding regions affect periodicity of circadian behavioral rhythms", Journal of Biological
Rhythms, vol. 13, no. 5, pp. 364-379.
Cheng, Y., Gvakharia, B. & Hardin, P.E. 1998, "Two alternatively spliced transcripts from the
Drosophila period gene rescue rhythms having different molecular and behavioral
characteristics", Molecular and cellular biology, vol. 18, no. 11, pp. 6505-6514.
Chiu, J.C., Ko, H.W. & Edery, I. 2011, "NEMO/NLK phosphorylates PERIOD to initiate a timedelay phosphorylation circuit that sets circadian clock speed", Cell, vol. 145, no. 3, pp. 357370.
Clark, T.A., Sugnet, C.W. & Ares, M.,Jr 2002, "Genomewide analysis of mRNA processing in
yeast using splicing-specific microarrays", Science (New York, N.Y.), vol. 296, no. 5569, pp.
907-910.
Coelho, C.M.A., Kolevski, B., Walker, C.D., Lavagi, I., Shaw, T., Ebert, A., Leevers, S.J. &
Marygold, S.J. 2005, "A Genetic Screen for Dominant Modifiers of a Small-Wing Phenotype
in Drosophila melanogaster Identifies Proteins Involved in Splicing and
Translation", Genetics, vol. 171, no. 2, pp. 597-614.
Collins, B.H., Rosato, E. & Kyriacou, C.P. 2004, "Seasonal behavior in Drosophila melanogaster
requires the photoreceptors, the circadian clock, and phospholipase C", Proceedings of the
National Academy of Sciences of the United States of America, vol. 101, no. 7, pp. 19451950.

90

Comitato, A., Spampanato, C., Chakarova, C., Sanges, D., Bhattacharya, S.S. & Marigo, V. 2007,
"Mutations in splicing factor PRPF3, causing retinal degeneration, form detrimental
aggregates in photoreceptor cells", Human molecular genetics, vol. 16, no. 14, pp. 16991707.
Cruz, N.M., Yuan, Y., Leehy, B.D., Baid, R., Kompella, U., DeAngelis, M.M., Escher, P. & Haider,
N.B. 2014, "Modifier genes as therapeutics: the nuclear hormone receptor Rev Erb alpha
(Nr1d1) rescues Nr2e3 associated retinal disease", PloS one, vol. 9, no. 1, pp. e87942.
Cui, Z., Tong, A., Huo, Y., Yan, Z., Yang, W., Yang, X. & Wang, X.X. 2017, "SKIP controls
flowering time via the alternative splicing of SEF pre-mRNA in Arabidopsis", BMC
biology, vol. 15, no. 1, pp. 2.
Cvackova, Z., Mateju, D. & Stanek, D. 2014, "Retinitis pigmentosa mutations of SNRNP200
enhance cryptic splice-site recognition", Human mutation, vol. 35, no. 3, pp. 308-317.
Dellaire, G., Makarov, E.M., Cowger, J.J., Longman, D., Sutherland, H.G., Luhrmann, R., Torchia,
J. & Bickmore, W.A. 2002, "Mammalian PRP4 kinase copurifies and interacts with
components of both the U5 snRNP and the N-CoR deacetylase complexes", Molecular and
cellular biology, vol. 22, no. 14, pp. 5141-5156.
Dembinska, M.E., Stanewsky, R., Hall, J.C. & Rosbash, M. 1997, "Circadian cycling of a
PERIOD-beta-galactosidase fusion protein in Drosophila: evidence for cyclical
degradation", Journal of Biological Rhythms, vol. 12, no. 2, pp. 157-172.
Dmitriev, A.V. & Mangel, S.C. 2001, "Circadian clock regulation of pH in the rabbit retina", The
Journal of neuroscience : the official journal of the Society for Neuroscience, vol. 21, no. 8,
pp. 2897-2902.
Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, M.
& Gingeras, T.R. 2013, "STAR: ultrafast universal RNA-seq aligner", Bioinformatics (Oxford,
England), vol. 29, no. 1, pp. 15-21.
Doyle, S.E., McIvor, W.E. & Menaker, M. 2002, "Circadian rhythmicity in dopamine content of
mammalian retina: role of the photoreceptors", Journal of neurochemistry, vol. 83, no. 1, pp.
211-219.
Dubrovsky, Y.V., Samsa, W.E. & Kondratov, R.V. 2010, "Deficiency of circadian protein CLOCK
reduces lifespan and increases age-related cataract development in mice", Aging, vol. 2, no.
12, pp. 936-944.
Dubruille, R. & Emery, P. 2008, "A plastic clock: how circadian rhythms respond to environmental
cues in Drosophila", Molecular neurobiology, vol. 38, no. 2, pp. 129-145.
Duvall, L.B. & Taghert, P.H. 2011, "Circadian rhythms: biological clocks work in phosphotime", Current biology : CB, vol. 21, no. 9, pp. 305.
Eckert, D., Andree, N., Razanau, A., Zock-Emmenthal, S., Lutzelberger, M., Plath, S., Schmidt,
H., Guerra-Moreno, A., Cozzuto, L., Ayte, J. & Kaufer, N.F. 2016, "Prp4 Kinase Grants the
License to Splice: Control of Weak Splice Sites during Spliceosome Activation", PLoS
genetics, vol. 12, no. 1, pp. e1005768.
Edery, I., Zwiebel, L.J., Dembinska, M.E. & Rosbash, M. 1994, "Temporal phosphorylation of the
Drosophila period protein", Proceedings of the National Academy of Sciences of the United
States of America, vol. 91, no. 6, pp. 2260-2264.

91

Ehrlich, R., Harris, A., Kheradiya, N.S., Winston, D.M., Ciulla, T.A. & Wirostko, B. 2008, "Agerelated macular degeneration and the aging eye", Clinical interventions in aging, vol. 3, no.
3, pp. 473-482.
Fang, Y., Sathyanarayanan, S. & Sehgal, A. 2007, "Post-translational regulation of the Drosophila
circadian clock requires protein phosphatase 1 (PP1)", Genes & development, vol. 21, no.
12, pp. 1506-1518.
Fanjul-Moles, M.L. & Lopez-Riquelme, G.O. 2016, "Relationship between Oxidative Stress,
Circadian Rhythms, and AMD", Oxidative medicine and cellular longevity, vol. 2016, pp.
7420637.
Farkas, M.H., Lew, D.S., Sousa, M.E., Bujakowska, K., Chatagnon, J., Bhattacharya, S.S.,
Pierce, E.A. & Nandrot, E.F. 2014, "Mutations in pre-mRNA processing factors 3, 8, and 31
cause dysfunction of the retinal pigment epithelium", The American journal of pathology, vol.
184, no. 10, pp. 2641-2652.
Felder-Schmittbuhl, M.P., Buhr, E.D., Dkhissi-Benyahya, O., Hicks, D., Peirson, S.N., Ribelayga,
C.P., Sandu, C., Spessert, R. & Tosini, G. 2018, "Ocular Clocks: Adapting Mechanisms for
Eye Functions and Health", Investigative ophthalmology & visual science, vol. 59, no. 12, pp.
4856-4870.
Ferrari, S., Di Iorio, E., Barbaro, V., Ponzin, D., Sorrentino, F.S. & Parmeggiani, F. 2011,
"Retinitis pigmentosa: genes and disease mechanisms", Current Genomics, vol. 12, no. 4,
pp. 238-249.
Filichkin, S.A., Cumbie, J.S., Dharmawardhana, P., Jaiswal, P., Chang, J.H., Palusa, S.G.,
Reddy, A.S., Megraw, M. & Mockler, T.C. 2015, "Environmental stresses modulate
abundance and timing of alternatively spliced circadian transcripts in Arabidopsis", Molecular
plant, vol. 8, no. 2, pp. 207-227.
Gamundi, M.J., Hernan, I., Muntanyola, M., Maseras, M., Lopez-Romero, P., Alvarez, R.,
Dopazo, A., Borrego, S. & Carballo, M. 2008, "Transcriptional expression of cis-acting and
trans-acting splicing mutations cause autosomal dominant retinitis pigmentosa", Human
mutation, vol. 29, no. 6, pp. 869-878.
Garbe, D.S., Fang, Y., Zheng, X., Sowcik, M., Anjum, R., Gygi, S.P. & Sehgal, A. 2013,
"Cooperative interaction between phosphorylation sites on PERIOD maintains circadian
period in Drosophila", PLoS genetics, vol. 9, no. 9, pp. e1003749.
Garceau, N.Y., Liu, Y., Loros, J.J. & Dunlap, J.C. 1997, "Alternative initiation of translation and
time-specific phosphorylation yield multiple forms of the essential clock protein
FREQUENCY", Cell, vol. 89, no. 3, pp. 469-476.
Glaser, F.T. & Stanewsky, R. 2005, "Temperature synchronization of the Drosophila circadian
clock", Current biology : CB, vol. 15, no. 15, pp. 1352-1363.
Goldman, A.I., Teirstein, P.S. & O'Brien, P.J. 1980, "The role of ambient lighting in circadian disc
shedding in the rod outer segment of the rat retina", Investigative ophthalmology & visual
science, vol. 19, no. 11, pp. 1257-1267.
Grace, M.S., Wang, L.M., Pickard, G.E., Besharse, J.C. & Menaker, M. 1996, "The tau mutation
shortens the period of rhythmic photoreceptor outer segment disk shedding in the
hamster", Brain research, vol. 735, no. 1, pp. 93-100.
Grainger, R.J. & Beggs, J.D. 2005, "Prp8 protein: at the heart of the spliceosome", RNA (New
York, N.Y.), vol. 11, no. 5, pp. 533-557.

92

Graziotto, J.J., Farkas, M.H., Bujakowska, K., Deramaudt, B.M., Zhang, Q., Nandrot, E.F.,
Inglehearn, C.F., Bhattacharya, S.S. & Pierce, E.A. 2011, "Three Gene-Targeted Mouse
Models of RNA Splicing Factor RP Show Late-Onset RPE and Retinal
Degeneration", Investigative ophthalmology & visual science, vol. 52, no. 1, pp. 190-198.
Graziotto, J.J., Inglehearn, C.F., Pack, M.A. & Pierce, E.A. 2008, "Decreased levels of the RNA
splicing factor Prpf3 in mice and zebrafish do not cause photoreceptor
degeneration", Investigative ophthalmology & visual science, vol. 49, no. 9, pp. 3830-3838.
Hardin, P.E. 2011, "Molecular genetic analysis of circadian timekeeping in Drosophila", Advances
in Genetics, vol. 74, pp. 141-173.
Hardin, P.E., Hall, J.C. & Rosbash, M. 1990, "Feedback of the Drosophila period gene product on
circadian cycling of its messenger RNA levels", Nature, vol. 343, no. 6258, pp. 536-540.
He, L. & Hannon, G.J. 2004, "MicroRNAs: small RNAs with a big role in gene regulation", Nature
reviews.Genetics, vol. 5, no. 7, pp. 522-531.
Helfrich-Forster, C. 1998, "Robust circadian rhythmicity of Drosophila melanogaster requires the
presence of lateral neurons: a brain-behavioral study of disconnected mutants", Journal of
comparative physiology.A, Sensory, neural, and behavioral physiology, vol. 182, no. 4, pp.
435-453.
Huang, Y., Ainsley, J.A., Reijmers, L.G. & Jackson, F.R. 2013, "Translational profiling of clock
cells reveals circadianly synchronized protein synthesis", PLoS biology, vol. 11, no. 11, pp.
e1001703.
Hughes, M.E., Hogenesch, J.B. & Kornacker, K. 2010, "JTK_CYCLE: An Efficient Nonparametric
Algorithm for Detecting Rhythmic Components in Genome-Scale Data Sets", Journal of
Biological Rhythms, vol. 25, no. 5, pp. 372-380.
Hunter-Ensor, M., Ousley, A. & Sehgal, A. 1996, "Regulation of the Drosophila protein timeless
suggests a mechanism for resetting the circadian clock by light", Cell, vol. 84, no. 5, pp. 677685.
Hwang, C.K., Chaurasia, S.S., Jackson, C.R., Chan, G.C., Storm, D.R. & Iuvone, P.M. 2013,
"Circadian rhythm of contrast sensitivity is regulated by a dopamine-neuronal PAS-domain
protein 2-adenylyl cyclase 1 signaling pathway in retinal ganglion cells", The Journal of
neuroscience : the official journal of the Society for Neuroscience, vol. 33, no. 38, pp. 1498914997.
Jaliffa, C.O., Saenz, D., Resnik, E., Keller Sarmiento, M.I. & Rosenstein, R.E. 2001, "Circadian
activity of the GABAergic system in the golden hamster retina", Brain research, vol. 912, no.
2, pp. 195-202.
James, A.B., Sullivan, S. & Nimmo, H.G. 2018, "Global spatial analysis of Arabidopsis natural
variants implicates 5'UTR splicing of LATE ELONGATED HYPOCOTYL in responses to
temperature", Plant, Cell & Environment, vol. 41, no. 7, pp. 1524-1538.
James, A.B., Syed, N.H., Bordage, S., Marshall, J., Nimmo, G.A., Jenkins, G.I., Herzyk, P.,
Brown, J.W. & Nimmo, H.G. 2012b, "Alternative splicing mediates responses of the
Arabidopsis circadian clock to temperature changes", The Plant Cell, vol. 24, no. 3, pp. 961981.
Jang, A.R., Moravcevic, K., Saez, L., Young, M.W. & Sehgal, A. 2015, "Drosophila TIM binds
importin alpha1, and acts as an adapter to transport PER to the nucleus", PLoS
genetics, vol. 11, no. 2, pp. e1004974.

93

Jaumouille, E., Machado Almeida, P., Stahli, P., Koch, R. & Nagoshi, E. 2015, "Transcriptional
regulation via nuclear receptor crosstalk required for the Drosophila circadian clock", Current
biology : CB, vol. 25, no. 11, pp. 1502-1508.
Jin, Z.B., Mandai, M., Yokota, T., Higuchi, K., Ohmori, K., Ohtsuki, F., Takakura, S., Itabashi, T.,
Wada, Y., Akimoto, M., Ooto, S., Suzuki, T., Hirami, Y., Ikeda, H., Kawagoe, N., Oishi, A.,
Ichiyama, S., Takahashi, M., Yoshimura, N. & Kosugi, S. 2008, "Identifying pathogenic
genetic background of simplex or multiplex retinitis pigmentosa patients: a large scale
mutation screening study", Journal of medical genetics, vol. 45, no. 7, pp. 465-472.
Jones, M.A., Williams, B.A., McNicol, J., Simpson, C.G., Brown, J.W. & Harmer, S.L. 2012,
"Mutation of Arabidopsis spliceosomal timekeeper locus1 causes circadian clock
defects", The Plant Cell, vol. 24, no. 10, pp. 4066-4082.
Joshua P Whitt, Jenna R Montgomery & Andrea L Meredith 2016, "BK channel inactivation gates
daytime excitability in the circadian clock", Nature Communications, vol. 7, pp. 10837.
Kadener, S., Stoleru, D., McDonald, M., Nawathean, P. & Rosbash, M. 2007, "Clockwork Orange
is a transcriptional repressor and a new Drosophila circadian pacemaker
component", Genes & development, vol. 21, no. 13, pp. 1675-1686.
Keen, T.J., Hims, M.M., McKie, A.B., Moore, A.T., Doran, R.M., Mackey, D.A., Mansfield, D.C.,
Mueller, R.F., Bhattacharya, S.S., Bird, A.C., Markham, A.F. & Inglehearn, C.F. 2002,
"Mutations in a protein target of the Pim-1 kinase associated with the RP9 form of autosomal
dominant retinitis pigmentosa", European journal of human genetics : EJHG, vol. 10, no. 4,
pp. 245-249.
Kim, E.Y., Bae, K., Ng, F.S., Glossop, N.R., Hardin, P.E. & Edery, I. 2002, "Drosophila CLOCK
protein is under posttranscriptional control and influences light-induced activity", Neuron, vol.
34, no. 1, pp. 69-81.
Kim, J.Y., Kwak, P.B. & Weitz, C.J. 2014, "Specificity in circadian clock feedback from targeted
reconstitution of the NuRD corepressor", Molecular cell, vol. 56, no. 6, pp. 738-748.
Kivimäe, S., Saez, L. & Young, M.W. 2008, "Activating PER Repressor through a DBT-Directed
Phosphorylation Switch", PLoS Biology, vol. 6, no. 7, pp. e183.
Ko, C.H. & Takahashi, J.S. 2006, "Molecular components of the mammalian circadian
clock", Human molecular genetics, vol. 15 Spec No 2, pp. 271.
Koh, K., Zheng, X. & Sehgal, A. 2006, "JETLAG resets the Drosophila circadian clock by
promoting light-induced degradation of TIMELESS", Science (New York, N.Y.), vol. 312, no.
5781, pp. 1809-1812.
Kojima, S., Shingle, D.L. & Green, C.B. 2011, "Post-transcriptional control of circadian
rhythms", Journal of cell science, vol. 124, no. Pt 3, pp. 311-320.
Kojima, T., Zama, T., Wada, K., Onogi, H. & Hagiwara, M. 2001, "Cloning of human PRP4
reveals interaction with Clk1", The Journal of biological chemistry, vol. 276, no. 34, pp.
32247-32256.
Kondratov, R.V., Kondratova, A.A., Gorbacheva, V.Y., Vykhovanets, O.V. & Antoch, M.P. 2006,
"Early aging and age-related pathologies in mice deficient in BMAL1, the core componentof
the circadian clock", Genes & development, vol. 20, no. 14, pp. 1868-1873.
Kornblihtt, A.R., de la Mata, M., Fededa, J.P., Munoz, M.J. & Nogues, G. 2004, "Multiple links
between transcription and splicing", RNA (New York, N.Y.), vol. 10, no. 10, pp. 1489-1498.

94

Kristensen, L.S., Hansen, T.B., Veno, M.T. & Kjems, J. 2018, "Circular RNAs in cancer:
opportunities and challenges in the field", Oncogene, vol. 37, no. 5, pp. 555-565.
Kumar, L., Shamsuzzama, Haque, R., Baghel, T. & Nazir, A. 2017, "Circular RNAs: the Emerging
Class of Non-coding RNAs and Their Potential Role in Human Neurodegenerative
Diseases", Molecular neurobiology, vol. 54, no. 9, pp. 7224-7234.
Kwok, R.S., Li, Y.H., Lei, A.J., Edery, I. & Chiu, J.C. 2015, "The Catalytic and Non-catalytic
Functions of the Brahma Chromatin-Remodeling Protein Collaborate to Fine-Tune Circadian
Transcription in Drosophila", PLoS genetics, vol. 11, no. 7, pp. e1005307.
Kwon, Y.J., Park, M.J., Kim, S.G., Baldwin, I.T. & Park, C.M. 2014, "Alternative splicing and
nonsense-mediated decay of circadian clock genes under environmental stress conditions in
Arabidopsis", BMC plant biology, vol. 14, pp. 136.
Laranjeiro, R. & Whitmore, D. 2014, "Transcription factors involved in retinogenesis are co-opted
by the circadian clock following photoreceptor differentiation", Development (Cambridge,
England), vol. 141, no. 13, pp. 2644-2656.
LaVail, M.M. 1980, "Circadian nature of rod outer segment disc shedding in the rat", Investigative
ophthalmology & visual science, vol. 19, no. 4, pp. 407-411.
Law, A.L., Parinot, C., Chatagnon, J., Gravez, B., Sahel, J.A., Bhattacharya, S.S. & Nandrot, E.F.
2015, "Cleavage of Mer tyrosine kinase (MerTK) from the cell surface contributes to the
regulation of retinal phagocytosis", The Journal of biological chemistry, vol. 290, no. 8, pp.
4941-4952.
Lee, J., Yoo, E., Lee, H., Park, K., Hur, J. & Lim, C. 2017, "LSM12 and ME31B/DDX6 Define
Distinct Modes of Posttranscriptional Regulation by ATAXIN-2 Protein Complex
in Drosophila Circadian Pacemaker Neurons", Molecular cell, vol. 66, no. 1, pp. 140.e7.
Lerner, I., Bartok, O., Wolfson, V., Menet, J.S., Weissbein, U., Afik, S., Haimovich, D., Gafni, C.,
Friedman, N., Rosbash, M. & Kadener, S. 2015, "Clk post-transcriptional control denoises
circadian transcription both temporally and spatially", Nature communications, vol. 6, pp.
7056.
Liang, D., Tatomer, D.C., Luo, Z., Wu, H., Yang, L., Chen, L.L., Cherry, S. & Wilusz, J.E. 2017,
"The Output of Protein-Coding Genes Shifts to Circular RNAs When the Pre-mRNA
Processing Machinery Is Limiting", Molecular cell, vol. 68, no. 5, pp. 940-954.e3.
Lim, C., Lee, J., Choi, C., Kilman, V.L., Kim, J., Park, S.M., Jang, S.K., Allada, R. & Choe, J.
2011, "The novel gene twenty-four defines a critical translational step in the Drosophila
clock", Nature, vol. 470, no. 7334, pp. 399-403.
Lim, C. & Allada, R. ATAXIN-2 activates PERIOD translation to sustain circadian rhythms in
Drosophila.
Lin, J.M., Kilman, V.L., Keegan, K., Paddock, B., Emery-Le, M., Rosbash, M. & Allada, R. 2002,
"A role for casein kinase 2 alpha in the Drosophila circadian clock", Nature, vol. 420, no.
6917, pp. 816-820.
Linder, B., Dill, H., Hirmer, A., Brocher, J., Lee, G.P., Mathavan, S., Bolz, H.J., Winkler, C.,
Laggerbauer, B. & Fischer, U. 2011, "Systemic splicing factor deficiency causes tissuespecific defects: a zebrafish model for retinitis pigmentosa", Human molecular genetics, vol.
20, no. 2, pp. 368-377.
Liu, T., Jin, X., Zhang, X., Yuan, H., Cheng, J., Lee, J., Zhang, B., Zhang, M., Wu, J., Wang, L.,
Tian, G. & Wang, W. 2012, "A novel missense SNRNP200 mutation associated with

95

autosomal dominant retinitis pigmentosa in a Chinese family", PloS one, vol. 7, no. 9, pp.
e45464.
Liu, Y., Garceau, N.Y., Loros, J.J. & Dunlap, J.C. 1997, "Thermally regulated translational control
of FRQ mediates aspects of temperature responses in the neurospora circadian
clock", Cell, vol. 89, no. 3, pp. 477-486.
Lockley, S.W., Arendt, J. & Skene, D.J. 2007, "Visual impairment and circadian rhythm
disorders", Dialogues in clinical neuroscience, vol. 9, no. 3, pp. 301-314.
Lowrey, P.L. & Takahashi, J.S. 2000, "Genetics of the mammalian circadian system: Photic
entrainment, circadian pacemaker mechanisms, and posttranslational regulation", Annual
Review of Genetics, vol. 34, pp. 533-562.
Majercak, J., Chen, W.F. & Edery, I. 2004, "Splicing of the period gene 3'-terminal intron is
regulated by light, circadian clock factors, and phospholipase C", Molecular and cellular
biology, vol. 24, no. 8, pp. 3359-3372.
Majercak, J., Sidote, D., Hardin, P.E. & Edery, I. 1999, "How a circadian clock adapts to seasonal
decreases in temperature and day length", Neuron, vol. 24, no. 1, pp. 219-230.
Marshall, C.M., Tartaglio, V., Duarte, M. & Harmon, F.G. 2016, "The Arabidopsis sickle Mutant
Exhibits Altered Circadian Clock Responses to Cool Temperatures and TemperatureDependent Alternative Splicing", The Plant Cell, vol. 28, no. 10, pp. 2560-2575.
Martinek, S., Inonog, S., Manoukian, A.S. & Young, M.W. 2001, "A role for the segment polarity
gene shaggy/GSK-3 in the Drosophila circadian clock", Cell, vol. 105, no. 6, pp. 769-779.
Martinez-Gimeno, M., Gamundi, M.J., Hernan, I., Maseras, M., Milla, E., Ayuso, C., GarciaSandoval, B., Beneyto, M., Vilela, C., Baiget, M., Antinolo, G. & Carballo, M. 2003,
"Mutations in the pre-mRNA splicing-factor genes PRPF3, PRPF8, and PRPF31 in Spanish
families with autosomal dominant retinitis pigmentosa", Investigative ophthalmology & visual
science, vol. 44, no. 5, pp. 2171-2177.
Matera, A.G. & Wang, Z. 2014, "A day in the life of the spliceosome", Nature reviews.Molecular
cell biology, vol. 15, no. 2, pp. 108-121.
McKie, A.B., McHale, J.C., Keen, T.J., Tarttelin, E.E., Goliath, R., van Lith-Verhoeven, J.J.,
Greenberg, J., Ramesar, R.S., Hoyng, C.B., Cremers, F.P., Mackey, D.A., Bhattacharya,
S.S., Bird, A.C., Markham, A.F. & Inglehearn, C.F. 2001, "Mutations in the pre-mRNA
splicing factor gene PRPC8 in autosomal dominant retinitis pigmentosa (RP13)", Human
molecular genetics, vol. 10, no. 15, pp. 1555-1562.
McMahon, D.G., Iuvone, P.M. & Tosini, G. 2014, "Circadian organization of the mammalian
retina: from gene regulation to physiology and diseases", Progress in retinal and eye
research, vol. 39, pp. 58-76.
Mollema, N.J., Yuan, Y., Jelcick, A.S., Sachs, A.J., von Alpen, D., Schorderet, D., Escher, P. &
Haider, N.B. 2011, "Nuclear receptor Rev-erb alpha (Nr1d1) functions in concert with Nr2e3
to regulate transcriptional networks in the retina", PloS one, vol. 6, no. 3, pp. e17494.
Mollet, I.G., Ben-Dov, C., Felicio-Silva, D., Grosso, A.R., Eleuterio, P., Alves, R., Staller, R., Silva,
T.S. & Carmo-Fonseca, M. 2010, "Unconstrained mining of transcript data reveals increased
alternative splicing complexity in the human transcriptome", Nucleic acids research, vol. 38,
no. 14, pp. 4740-4754.

96

Myers, M.P., Wager-Smith, K., Rothenfluh-Hilfiker, A. & Young, M.W. 1996, "Light-induced
degradation of TIMELESS and entrainment of the Drosophila circadian clock", Science (New
York, N.Y.), vol. 271, no. 5256, pp. 1736-1740.
Naidoo, N., Song, W., Hunter-Ensor, M. & Sehgal, A. 1999, "A role for the proteasome in the light
response of the timeless clock protein", Science (New York, N.Y.), vol. 285, no. 5434, pp.
1737-1741.
Ousley, A., Zafarullah, K., Chen, Y., Emerson, M., Hickman, L. & Sehgal, A. 1998, "Conserved
regions of the timeless (tim) clock gene in Drosophila analyzed through phylogenetic and
functional studies", Genetics, vol. 148, no. 2, pp. 815-825.
Papasaikas, P., Tejedor, J.R., Vigevani, L. & Valcarcel, J. 2015, "Functional splicing network
reveals extensive regulatory potential of the core spliceosomal machinery", Molecular
cell, vol. 57, no. 1, pp. 7-22.
Park, J.W., Parisky, K., Celotto, A.M., Reenan, R.A. & Graveley, B.R. 2004, "Identification of
alternative splicing regulators by RNA interference in Drosophila", Proceedings of the
National Academy of Sciences of the United States of America, vol. 101, no. 45, pp. 1597415979.
Park, M.J., Seo, P.J. & Park, C.M. 2012, "CCA1 alternative splicing as a way of linking the
circadian clock to temperature response in Arabidopsis", Plant signaling & behavior, vol. 7,
no. 9, pp. 1194-1196.
Patke, A., Murphy, P.J., Onat, O.E., Krieger, A.C., Ozcelik, T., Campbell, S.S. & Young, M.W.
2017, "Mutation of the Human Circadian Clock Gene CRY1 in Familial Delayed Sleep Phase
Disorder", Cell, vol. 169, no. 2, pp. 215.e13.
Perez-Santangelo, S., Mancini, E., Francey, L.J., Schlaen, R.G., Chernomoretz, A., Hogenesch,
J.B. & Yanovsky, M.J. 2014, "Role for LSM genes in the regulation of circadian
rhythms", Proceedings of the National Academy of Sciences of the United States of
America, vol. 111, no. 42, pp. 15166-15171.
Perez-Santangelo, S., Schlaen, R.G. & Yanovsky, M.J. 2013, "Genomic analysis reveals novel
connections between alternative splicing and circadian regulatory networks", Briefings in
functional genomics, vol. 12, no. 1, pp. 13-24.
Pierce, E.A. & Bennett, J. 2015, "The Status of RPE65 Gene Therapy Trials: Safety and
Efficacy", Cold Spring Harbor perspectives in medicine, vol. 5, no. 9, pp. a017285.
Pittendrigh, C.S. 1954, "On Temperature Independence in the Clock System Controlling
Emergence Time in Drosophila", Proceedings of the National Academy of Sciences of the
United States of America, vol. 40, no. 10, pp. 1018-1029.
Pleiss, J.A., Whitworth, G.B., Bergkessel, M. & Guthrie, C. 2007, "Transcript specificity in yeast
pre-mRNA splicing revealed by mutations in core spliceosomal components", PLoS
biology, vol. 5, no. 4, pp. e90.
Preitner, N., Damiola, F., Lopez-Molina, L., Zakany, J., Duboule, D., Albrecht, U. & Schibler, U.
2002, "The orphan nuclear receptor REV-ERBalpha controls circadian transcription within
the positive limb of the mammalian circadian oscillator", Cell, vol. 110, no. 2, pp. 251-260.
Price, J.L., Dembinska, M.E., Young, M.W. & Rosbash, M. 1995, "Suppression of PERIOD
protein abundance and circadian cycling by the Drosophila clock mutation timeless", The
EMBO journal, vol. 14, no. 16, pp. 4044-4049.

97

Price, J.L., Blau, J., Rothenfluh, A., Abodeely, M., Kloss, B. & Young, M.W. 1998, "double-time is
a novel Drosophila clock gene that regulates PERIOD protein accumulation", Cell, vol. 94,
no. 1, pp. 83-95.
Ramanathan, C., Khan, S.K., Kathale, N.D., Xu, H. & Liu, A.C. 2012, "Monitoring cellautonomous circadian clock rhythms of gene expression using luciferase bioluminescence
reporters", Journal of visualized experiments : JoVE, vol. (67). pii: 4234. doi, no. 67, pp.
10.3791/4234.
Rathod, R., Surendran, H., Battu, R., Desai, J. & Pal, R. 2018, "Induced pluripotent stem cells
(iPSC)-derived retinal cells in disease modeling and regenerative medicine", Journal of
chemical neuroanatomy, 10.1016/j.jchemneu.2018.02.002 [Epub ahead of print].
Ray, P., Luo, X., Rao, E.J., Basha, A., Woodruff, E.A.,3rd & Wu, J.Y. 2010, "The splicing factor
Prp31 is essential for photoreceptor development in Drosophila", Protein & cell, vol. 1, no. 3,
pp. 267-274.
Reichman, S., Terray, A., Slembrouck, A., Nanteau, C., Orieux, G., Habeler, W., Nandrot, E.F.,
Sahel, J.A., Monville, C. & Goureau, O. 2014, "From confluent human iPS cells to selfforming neural retina and retinal pigmented epithelium", Proceedings of the National
Academy of Sciences of the United States of America, vol. 111, no. 23, pp. 8518-8523.
Ribelayga, C., Cao, Y. & Mangel, S.C. 2008, "The circadian clock in the retina controls rod-cone
coupling", Neuron, vol. 59, no. 5, pp. 790-801.
Ribelayga, C., Wang, Y. & Mangel, S.C. 2004, "A circadian clock in the fish retina regulates
dopamine release via activation of melatonin receptors", The Journal of physiology, vol. 554,
no. Pt 2, pp. 467-482.
Rio Frio, T., Wade, N.M., Ransijn, A., Berson, E.L., Beckmann, J.S. & Rivolta, C. 2008,
"Premature termination codons in PRPF31 cause retinitis pigmentosa via haploinsufficiency
due to nonsense-mediated mRNA decay", The Journal of clinical investigation, vol. 118, no.
4, pp. 1519-1531.
Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W. & Smyth, G.K. 2015, "limma
powers differential expression analyses for RNA-sequencing and microarray
studies", Nucleic acids research, vol. 43, no. 7, pp. e47.
Rodriguez, J., Tang, C.H., Khodor, Y.L., Vodala, S., Menet, J.S. & Rosbash, M. 2013, "NascentSeq analysis of Drosophila cycling gene expression", Proceedings of the National Academy
of Sciences of the United States of America, vol. 110, no. 4, pp. 275.
Roenneberg, T. & Merrow, M. 2016, "The Circadian Clock and Human Health", Current biology :
CB, vol. 26, no. 10, pp. 432.
Rosato, E., Trevisan, A., Sandrelli, F., Zordan, M., Kyriacou, C.P. & Costa, R. 1997, "Conceptual
translation of timeless reveals alternative initiating methionines in Drosophila", Nucleic acids
research, vol. 25, no. 3, pp. 455-458.
Rosbash, M. 2009, "The implications of multiple circadian clock origins", PLoS biology, vol. 7, no.
3, pp. e62.
Rowland, J.M., Potter, D.E. & Reiter, R.J. 1981, "Circadian rhythm in intraocular pressure: a
rabbit model", Current eye research, vol. 1, no. 3, pp. 169-173.
Ruzickova, S. & Stanek, D. 2017, "Mutations in spliceosomal proteins and retina
degeneration", RNA biology, vol. 14, no. 5, pp. 544-552.

98

Saez, L., Derasmo, M., Meyer, P., Stieglitz, J. & Young, M.W. 2011, "A key temporal delay in the
circadian cycle of Drosophila is mediated by a nuclear localization signal in the timeless
protein", Genetics, vol. 188, no. 3, pp. 591-600.
Saez, L. & Young, M.W. 1996, "Regulation of nuclear entry of the Drosophila clock proteins
period and timeless", Neuron, vol. 17, no. 5, pp. 911-920.
Salzman, J. 2016, "Circular RNA Expression: Its Potential Regulation and Function", Trends in
genetics : TIG, vol. 32, no. 5, pp. 309-316.
Sanchez, S.E. & Kay, S.A. 2016, "The Plant Circadian Clock: From a Simple Timekeeper to a
Complex Developmental Manager", Cold Spring Harbor perspectives in biology, vol. 8, no.
12, pp. a027748.
Sathyanarayanan, S., Zheng, X., Xiao, R. & Sehgal, A. 2004, "Posttranslational regulation of
Drosophila PERIOD protein by protein phosphatase 2A", Cell, vol. 116, no. 4, pp. 603-615.
Schlaen, R.G., Mancini, E., Sanchez, S.E., Perez-Santangelo, S., Rugnone, M.L., Simpson, C.G.,
Brown, J.W., Zhang, X., Chernomoretz, A. & Yanovsky, M.J. 2015, "The spliceosome
assembly factor GEMIN2 attenuates the effects of temperature on alternative splicing and
circadian rhythms", Proceedings of the National Academy of Sciences of the United States
of America, vol. 112, no. 30, pp. 9382-9387.
Schneider, M., Hsiao, H.H., Will, C.L., Giet, R., Urlaub, H. & Luhrmann, R. 2010, "Human PRP4
kinase is required for stable tri-snRNP association during spliceosomal B complex
formation", Nature structural & molecular biology, vol. 17, no. 2, pp. 216-221.
Sehgal, A., Rothenfluh-Hilfiker, A., Hunter-Ensor, M., Chen, Y., Myers, M.P. & Young, M.W. 1995,
"Rhythmic expression of timeless: a basis for promoting circadian cycles in period gene
autoregulation", Science (New York, N.Y.), vol. 270, no. 5237, pp. 808-810.
Selby, C.P., Thompson, C., Schmitz, T.M., Van Gelder, R.N. & Sancar, A. 2000, "Functional
redundancy of cryptochromes and classical photoreceptors for nonvisual ocular
photoreception in mice", Proceedings of the National Academy of Sciences of the United
States of America, vol. 97, no. 26, pp. 14697-14702.
Seo, P.J., Park, M.J., Lim, M.H., Kim, S.G., Lee, M., Baldwin, I.T. & Park, C.M. 2012, "A selfregulatory circuit of CIRCADIAN CLOCK-ASSOCIATED1 underlies the circadian clock
regulation of temperature responses in Arabidopsis", The Plant Cell, vol. 24, no. 6, pp. 24272442.
Shelley, C., Whitt, J.P., Montgomery, J.R. & Meredith, A.L. 2013, "Phosphorylation of a
constitutive serine inhibits BK channel variants containing the alternate exon “SRKR”", The
Journal of General Physiology, vol. 142, no. 6, pp. 585-598.
Shigeyoshi, Y., Taguchi, K., Yamamoto, S., Takekida, S., Yan, L., Tei, H., Moriya, T., Shibata, S.,
Loros, J.J., Dunlap, J.C. & Okamura, H. 1997, "Light-induced resetting of a mammalian
circadian clock is associated with rapid induction of the mPer1 transcript", Cell, vol. 91, no.
7, pp. 1043-1053.
So, W.V. & Rosbash, M. 1997, "Post-transcriptional regulation contributes to Drosophila clock
gene mRNA cycling", The EMBO journal, vol. 16, no. 23, pp. 7146-7155.
Stanewsky, R., Kaneko, M., Emery, P., Beretta, B., Wager-Smith, K., Kay, S.A., Rosbash, M. &
Hall, J.C. 1998, "The cryb mutation identifies cryptochrome as a circadian photoreceptor in
Drosophila", Cell, vol. 95, no. 5, pp. 681-692.

99

Storch, K.F., Paz, C., Signorovitch, J., Raviola, E., Pawlyk, B., Li, T. & Weitz, C.J. 2007, "Intrinsic
circadian clock of the mammalian retina: importance for retinal processing of visual
information", Cell, vol. 130, no. 4, pp. 730-741.
Sullivan, L.S., Bowne, S.J., Seaman, C.R., Blanton, S.H., Lewis, R.A., Heckenlively, J.R., Birch,
D.G., Hughbanks-Wheaton, D. & Daiger, S.P. 2006, "Genomic rearrangements of the
PRPF31 gene account for 2.5% of autosomal dominant retinitis pigmentosa", Investigative
ophthalmology & visual science, vol. 47, no. 10, pp. 4579-4588.
Suri, V., Lanjuin, A. & Rosbash, M. 1999, "TIMELESS-dependent positive and negative
autoregulation in the Drosophila circadian clock", The EMBO journal, vol. 18, no. 3, pp. 675686.
Tanackovic, G., Ransijn, A., Ayuso, C., Harper, S., Berson, E.L. & Rivolta, C. 2011, "A missense
mutation in PRPF6 causes impairment of pre-mRNA splicing and autosomal-dominant
retinitis pigmentosa", American Journal of Human Genetics, vol. 88, no. 5, pp. 643-649.
Tanackovic, G., Ransijn, A., Thibault, P., Abou Elela, S., Klinck, R., Berson, E.L., Chabot, B. &
Rivolta, C. 2011, "PRPF mutations are associated with generalized defects in spliceosome
formation and pre-mRNA splicing in patients with retinitis pigmentosa", Human molecular
genetics, vol. 20, no. 11, pp. 2116-2130.
Tauber, E., Zordan, M., Sandrelli, F., Pegoraro, M., Osterwalder, N., Breda, C., Daga, A., Selmin,
A., Monger, K., Benna, C., Rosato, E., Kyriacou, C.P. & Costa, R. 2007, "Natural selection
favors a newly derived timeless allele in Drosophila melanogaster", Science (New York,
N.Y.), vol. 316, no. 5833, pp. 1895-1898.
Teirstein, P.S., Goldman, A.I. & O'Brien, P.J. 1980, "Evidence for both local and central regulation
of rat rod outer segment disc shedding", Investigative ophthalmology & visual science, vol.
19, no. 11, pp. 1268-1273.
Top, D., Harms, E., Syed, S., Adams, E.L. & Saez, L. 2016a, "GSK-3 and CK2 Kinases Converge
on Timeless to Regulate the Master Clock", Cell reports, vol. 16, no. 2, pp. 357-367.
Top, D., O'Neil, J.L., Merz, G.E., Dusad, K., Crane, B.R. & Young, M.W. 2018, "CK1/Doubletime
activity delays transcription activation in the circadian clock", eLife, vol. 7, pp.
10.7554/eLife.32679.
Tosini, G. & Menaker, M. 1996, "Circadian rhythms in cultured mammalian retina", Science (New
York, N.Y.), vol. 272, no. 5260, pp. 419-421.
Towns, K.V., Kipioti, A., Long, V., McKibbin, M., Maubaret, C., Vaclavik, V., Ehsani, P., Springell,
K., Kamal, M., Ramesar, R.S., Mackey, D.A., Moore, A.T., Mukhopadhyay, R., Webster,
A.R., Black, G.C., O'Sullivan, J., Bhattacharya, S.S., Pierce, E.A., Beggs, J.D. & Inglehearn,
C.F. 2010, "Prognosis for splicing factor PRPF8 retinitis pigmentosa, novel mutations and
correlation between human and yeast phenotypes", Human mutation, vol. 31, no. 5, pp.
1361.
Trapnell, C., Hendrickson, D.G., Sauvageau, M., Goff, L., Rinn, J.L. & Pachter, L. 2013,
"Differential analysis of gene regulation at transcript resolution with RNA-seq", Nature
biotechnology, vol. 31, no. 1, pp. 46-53.
Trapnell, C., Williams, B.A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M.J., Salzberg, S.L.,
Wold, B.J. & Pachter, L. 2010, "Transcript assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching during cell differentiation", Nature
biotechnology, vol. 28, no. 5, pp. 511-515.

100

Verbakel, S.K., van Huet, R. A. C., Boon, C.J.F., den Hollander, A.I., Collin, R.W.J., Klaver,
C.C.W., Hoyng, C.B., Roepman, R. & Klevering, B.J. 2018, "Non-syndromic retinitis
pigmentosa", Progress in retinal and eye research, vol. 66, pp. 157-186.
Vithana, E.N., Abu-Safieh, L., Allen, M.J., Carey, A., Papaioannou, M., Chakarova, C., AlMaghtheh, M., Ebenezer, N.D., Willis, C., Moore, A.T., Bird, A.C., Hunt, D.M. &
Bhattacharya, S.S. 2001, "A human homolog of yeast pre-mRNA splicing gene, PRP31,
underlies autosomal dominant retinitis pigmentosa on chromosome 19q13.4
(RP11)", Molecular cell, vol. 8, no. 2, pp. 375-381.
Vosshall, L.B., Price, J.L., Sehgal, A., Saez, L. & Young, M.W. 1994, "Block in nuclear
localization of period protein by a second clock mutation, timeless", Science (New York,
N.Y.), vol. 263, no. 5153, pp. 1606-1609.
Wahl, M.C., Will, C.L. & Luhrmann, R. 2009, "The spliceosome: design principles of a dynamic
RNP machine", Cell, vol. 136, no. 4, pp. 701-718.
Walker, J.A. & Olton, D.S. 1979, "Circadian rhythm of luminance detectability in the
rat", Physiology & Behavior, vol. 23, no. 1, pp. 17-21.
Wang, E.T., Sandberg, R., Luo, S., Khrebtukova, I., Zhang, L., Mayr, C., Kingsmore, S.F.,
Schroth, G.P. & Burge, C.B. 2008, "Alternative isoform regulation in human tissue
transcriptomes", Nature, vol. 456, no. 7221, pp. 470-476.
Wang, Q., Abruzzi, K.C., Rosbash, M. & Rio, D.C. 2018, "Striking circadian neuron diversity and
cycling of Drosophila alternative splicing", eLife, vol. 7, pp. 10.7554/eLife.35618.
Wang, X., Wu, F., Xie, Q., Wang, H., Wang, Y., Yue, Y., Gahura, O., Ma, S., Liu, L., Cao, Y.,
Jiao, Y., Puta, F., McClung, C.R., Xu, X. & Ma, L. 2012, "SKIP is a component of the
spliceosome linking alternative splicing and the circadian clock in Arabidopsis", The Plant
Cell, vol. 24, no. 8, pp. 3278-3295.
Waseem, N.H., Vaclavik, V., Webster, A., Jenkins, S.A., Bird, A.C. & Bhattacharya, S.S. 2007,
"Mutations in the gene coding for the pre-mRNA splicing factor, PRPF31, in patients with
autosomal dominant retinitis pigmentosa", Investigative ophthalmology & visual science, vol.
48, no. 3, pp. 1330-1334.
Wheway, G., Schmidts, M., Mans, D.A., Szymanska, K., Nguyen, T.T., Racher, H., Phelps, I.G.,
Toedt, G., Kennedy, J., Wunderlich, K.A., Sorusch, N., Abdelhamed, Z.A., Natarajan, S.,
Herridge, W., van Reeuwijk, J., Horn, N., Boldt, K., Parry, D.A., Letteboer, S.J.F., Roosing,
S., Adams, M., Bell, S.M., Bond, J., Higgins, J., Morrison, E.E., Tomlinson, D.C., Slaats,
G.G., van Dam, Teunis J. P., Huang, L., Kessler, K., Giessl, A., Logan, C.V., Boyle, E.A.,
Shendure, J., Anazi, S., Aldahmesh, M., Al Hazzaa, S., Hegele, R.A., Ober, C., Frosk, P.,
Mhanni, A.A., Chodirker, B.N., Chudley, A.E., Lamont, R., Bernier, F.P., Beaulieu, C.L.,
Gordon, P., Pon, R.T., Donahue, C., Barkovich, A. ., Wolf, L., Toomes, C., Thiel, C.T.,
Boycott, K.M., McKibbin, M., Inglehearn, C.F., Consortium, U., University of Washington
Center for, Mendelian Genomics, Stewart, F., Omran, H., Huynen, M.A., Sergouniotis, P.I.,
Alkuraya, F.S., Parboosingh, J.S., Innes, A.M., Willoughby, C.E., Giles, R.H., Webster, A.R.,
Ueffing, M., Blacque, O., Gleeson, J.G., Wolfrum, U., Beales, P.L., Gibson, T., Doherty, D.,
Mitchison, H.M., Roepman, R. & Johnson, C.A. 2015, "An siRNA-based functional genomics
screen for the identification of regulators of ciliogenesis and ciliopathy genes", Nature cell
biology, vol. 17, pp. 1074.
Wickramasinghe, V.O., Gonzalez-Porta, M., Perera, D., Bartolozzi, A.R., Sibley, C.R., Hallegger,
M., Ule, J., Marioni, J.C. & Venkitaraman, A.R. 2015, "Regulation of constitutive and
alternative mRNA splicing across the human transcriptome by PRPF8 is determined by 5'
splice site strength", Genome biology, vol. 16, pp. 3.

101

Wilusz, J.E. 2017, "Circular RNAs: Unexpected outputs of many protein-coding genes", RNA
biology, vol. 14, no. 8, pp. 1007-1017.
Wu, W., Zong, J., Wei, N., Cheng, J., Zhou, X., Cheng, Y., Chen, D., Guo, Q., Zhang, B. & Feng,
Y. 2017, "CASH: a constructing comprehensive splice site method for detecting alternative
splicing events", Briefings in bioinformatics, .
Yadlapalli, S., Jiang, C., Bahle, A., Reddy, P., Meyhofer, E. & Shafer, O.T. 2018, "Circadian clock
neurons constantly monitor environmental temperature to set sleep timing", Nature, vol. 555,
no. 7694, pp. 98-102.
Yang, G., Chen, L., Grant, G.R., Paschos, G., Song, W.L., Musiek, E.S., Lee, V., McLoughlin,
S.C., Grosser, T., Cotsarelis, G. & FitzGerald, G.A. 2016, "Timing of expression of the core
clock gene Bmal1 influences its effects on aging and survival", Science translational
medicine, vol. 8, no. 324, pp. 324ra16.
Yang, Z. & Sehgal, A. 2001, "Role of molecular oscillations in generating behavioral rhythms in
Drosophila", Neuron, vol. 29, no. 2, pp. 453-467.
Yao, Z., Bennett, A.J., Clem, J.L. & Shafer, O.T. 2016, "The Drosophila Clock Neuron Network
Features Diverse Coupling Modes and Requires Network-wide Coherence for Robust
Circadian Rhythms", Cell reports, vol. 17, no. 11, pp. 2873-2881.
Yoshii, T., Heshiki, Y., Ibuki-Ishibashi, T., Matsumoto, A., Tanimura, T. & Tomioka, K. 2005,
"Temperature cycles drive Drosophila circadian oscillation in constant light that otherwise
induces behavioural arrhythmicity", The European journal of neuroscience, vol. 22, no. 5, pp.
1176-1184.
Young, R.W. 1967, "The renewal of photoreceptor cell outer segments", The Journal of cell
biology, vol. 33, no. 1, pp. 61-72.
Youssef, P.N., Sheibani, N. & Albert, D.M. 2011, "Retinal light toxicity", Eye (London,
England), vol. 25, no. 1, pp. 1-14.
Zeng, H., Qian, Z., Myers, M.P. & Rosbash, M. 1996, "A light-entrainment mechanism for the
Drosophila circadian clock", Nature, vol. 380, no. 6570, pp. 129-135.
Zhang, E.E., Liu, A.C., Hirota, T., Miraglia, L.J., Welch, G., Pongsawakul, P.Y., Liu, X., Atwood,
A., Huss, J.W., Janes, Su, A.I., Hogenesch, J.B. & Kay, S.A. 2009, "A Genome-Wide RNAi
Screen for Modifiers of the Circadian Clock in Human Cells", Cell, vol. 139, no. 1, pp. 199210.
Zhang, Y., Fang, B., Damle, M., Guan, D., Li, Z., Kim, Y.H., Gannon, M. & Lazar, M.A. 2016,
"HNF6 and Rev-erbalpha integrate hepatic lipid metabolism by overlapping and distinct
transcriptional mechanisms", Genes & development, vol. 30, no. 14, pp. 1636-1644.
Zhang, Y., Ling, J., Yuan, C., Dubruille, R. & Emery, P. 2013, "A role for Drosophila ATX2 in
activation of PER translation and circadian behavior", Science, vol. 340, no. 6134, pp. 879882.
Zhang, Y., Liu, Y., Bilodeau-Wentworth, D., Hardin, P.E. & Emery, P. 2010, "Light and
temperature control the contribution of specific DN1 neurons to Drosophila circadian
behavior", Current biology : CB, vol. 20, no. 7, pp. 600-605.
Zhao, C., Bellur, D.L., Lu, S., Zhao, F., Grassi, M.A., Bowne, S.J., Sullivan, L.S., Daiger, S.P.,
Chen, L.J., Pang, C.P., Zhao, K., Staley, J.P. & Larsson, C. 2009, "Autosomal-dominant
retinitis pigmentosa caused by a mutation in SNRNP200, a gene required for unwinding of
U4/U6 snRNAs", American Journal of Human Genetics, vol. 85, no. 5, pp. 617-627.

102

Zhao, J., Kilman, V.L., Keegan, K.P., Peng, Y., Emery, P., Rosbash, M. & Allada, R. 2003,
"Drosophila clock can generate ectopic circadian clocks", Cell, vol. 113, no. 6, pp. 755-766.
Zheng, X. & Sehgal, A. 2012, "Speed control: cogs and gears that drive the circadian
clock", Trends in neurosciences, vol. 35, no. 9, pp. 574-585.
Ziviello, C., Simonelli, F., Testa, F., Anastasi, M., Marzoli, S.B., Falsini, B., Ghiglione, D.,
Macaluso, C., Manitto, M.P., Garre, C., Ciccodicola, A., Rinaldi, E. & Banfi, S. 2005,
"Molecular genetics of autosomal dominant retinitis pigmentosa (ADRP): a comprehensive
study of 43 Italian families", Journal of medical genetics, vol. 42, no. 7, pp. e47.

103

